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Models of the Structure of Matter: 
Why should we care what students think? 

Gordon Aubrecht 

Physics Education Research Group 
Department of Physics 
The Ohio State University 
Columbus, OH 
aubrecht. 1 @osu.edu 



Abstract 

Much of what people “know” about the world is incorrect. Their view of the 
microworld, the dominant factor in 20th century physics, is misleading to say the least. 
Some physicists in the OSU Physics Education Research Group have a great interest in 
studying student understanding of the structure of matter and the interaction of matter with 
light, with several efforts under way. My students, colleagues, and I have studied student 
understanding of aspects of quantization, the interaction of light and matter, and 
radioactivity. I report here on some issues of understanding of the microworld we have 
found. 



Introduction: Why this picture is relevant 

Our future generations will inherit from us their understanding of the world around 
them (see Fig. 1 for some of the citizens of that future world). We need to make sure it is 
accurate. That understanding of the world is threatened by ignoring the material reality (see 
Fig. 1) and focusing on myth. 




Fig. 1 This picture is relevant for millions of reasons, including the millions of things i n 
it we don’t often observe (wood, metal, plastic eggs, real eggs, cloth, dirt, etc.). 
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I will identify some myths and difficulties facing us, and propose that history of 
science and public understanding of science can play a crucial role in returning rational 
thinking to public discourse. 

Science vs. Myth 

Many people believe in astrology, a “science” discredited long ago. According to 

Edward J. Boyer and George Ramos 1 writing in the Los Angeles Times, “Just as some 
people swear they are affected by a full moon, many believers in astrology take precautions 
during a retrograde Mercury. They may back up computer files, not sign any contracts, 
doublecheck manuscripts for errors or re-confirm appointments.” In the Boston Globe, 

Patricia Wen 1 points out “a study by Yankelovich Partners, a marketing research firm, 
showed 37 percent of Americans believed in astrology in 1997, up from 17 percent in 
1976. In the same two-decade period, belief in reincarnation grew from 9 percent to 25 
percent, while people who believe in the value of fortune-telling increased from 4 percent to 

14 percent.” David Perlman, writing in the San Francisco Chronicle says ““Accredited” 
psychics on your TV screen proffer advice for the lovelorn or financially stressed. Sixty- 
three thousand Internet sites list astrologers and astrological networks. And there are more 
untested practitioners in varied exotic health fields — iridology, reflexology, 

aromatherapy — than there are licensed physicians in all the 24 recognized specialties of 
medicine.” 

Wen adds more statistics: “A Gallup poll showed that, in 1996, 25 percent of 
Americans described themselves as very or somewhat superstitious, up from 18 percent in 
1990. When it comes to measuring common dreads, 13 percent of Americans fear black 
cats, 1 1 percent worry about broken mirrors and 9 percent don't like the number 13.” Such 
is the state of “knowledge” in today’s world. 

Students are being exposed to “crank” science ideas daily. Much of the problem lies 
with the voracious media need to fill space or time. It gets filled with “information” which 
may or may not have content. The website http://www.crank.net/ has a list of many such 
crank science ideas: crop circles; alternate models of the atom that say “the fleeting particles 
that are created in bubble chambers and particle accelerators as being fluke events and not 
actual particles;” belief that static magnetic fields can cure illness; that mercury can be 

turned into water; and on and on. Longer excerpts of these ideas are presented in 
Appendix 1. 

Many have now heard about the Harvard graduates who did not know why it was 
warmer in summer (many said that Earth was closer to the Sun in summer), the MIT 
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graduates who could not light a light bulb with a battery and a wire, and people who say 
“the reactor’ll melt its way down through the ground to China ...” or “Don’t stand too close 
to the microwave or the radioactivity will get you.” 

Is it warmer in summer because Earth is closer to the Sun ? That’s hardly the case. 

Fig. 2 shows the situation. Earth’s orbit is an ellipse, and Earth wanders between 
its perihelion, at 147.1 million km and its aphelion, at 152.1 million km. Student 
measurements can show the approximately 7% difference between the intensity of sunlight 

between these extremes. 4 Before the reader agrees that this 7% difference is the plausible 
reason for the seasons, consider that the northern hemisphere winter occurs when Earth is 
closest to the Sun, and that the northern hemisphere summer occurs when Earth is farthest 
from the Sun. 




Northern Hemisphere! Summer Northern Hemisphere Winter 

Fig. 2 How summer is warmer, a. In Northern Hemisphere summer, Earth’s axial tilt assures 
more daylight north of the Equator, b. In Northern Hemisphere winter, Earth’s axial tilt 
assures less daylight north of the Equator. In both pictures, 42° north latitude is shown; 
the 42° south latitude line in in the obvious position. 

The seasons are mainly caused by Earth’s rotation axis’s 23° axial tilt. This tilt is 
preserved throughout Earth’s orbit of the Sun (physicists would speak of conservation of 
angular momentum). Halfway around Earth’s orbit, the tilt angle means the northern half of 
the globe has the same conditions of sunlight the southern half had six months earlier, and 
the southern half of the globe has the same conditions of sunlight the northern half had six 
months earlier. 

One may see from Fig. 2 that the 42nd parallel N spends many more hours in 
daylight than in dark in northern hemisphere summer, and that consequently, the 42nd 
parallel S spends many more hours in dark than in daylight; it is southern hemisphere 
winter. This is the real reason for the seasonal difference. With so many more hours of 
daylight than dark (about 16 hours to 8 hours, a factor of two\ or 200%) at 42° N, it is 
summer. With so many fewer hours of daylight at 42° S, it is winter. 
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Simple explanations also exist for the other misconceptions referred to above. But 
we are not succeeding in educating our citizens very well. Gary Chapman, writing in the 

Los Angeles Times, 5 says “While more than 70% of the people the NSF surveyed knew 
that the Earth revolves around the sun and not the other way around, and that humans and 
dinosaurs did not coexist, only 16% could define the Internet and only 13% could 
accurately describe a molecule. At least those numbers are going up, the report’s authors 
noted diplomatically-five years ago, only 11% could define the Internet and only 9% could 
describe a molecule.” 

Texts are also problematic. Beaty 6 has a site that lists many misconceptions that 
appear in elementary school textbooks. A selection of these is shown in Table 1. An 
Associated Press dispatch “Study Finds Errors in Science Textbooks,” 15 January 2001, 
says “Twelve of the most popular science textbooks used at middle schools nationwide are 
riddled with errors, a new study has found.” The article also said “Researchers compiled 
500 pages of errors, ranging from maps depicting the equator passing through the southern 
United States to a photo of singer Linda Ronstadt labeled as a silicon crystal.” 



Table 1, Excerpts from “Recurring Science Misconceptions in K-6 Textbooks” by William 
J. Beaty 

The gravitational force in space is zero. 

Salt water is full of sodium chloride molecules. 

The north magnetic pole of Earth is in the North. 

A wing’s lifting force is caused by its shape. 

Ben Franklin’s kite was struck by lightning. 

One prism splits light into colors; a second identical prism recombines them. 

Light and Radio waves always travel at “the speed of light” — 300,000 km/s. 

Raindrops have points at their upper ends. 

Air is almost entirely weightless. 

Shadows vanish on cloudy days because the sun isn’t bright enough. 

Infrared light is a form of heat. 

There are seven colors in the rainbow. 

Earth’s north and south magnetic poles reside just below the surface. 

Cars and airplanes are slowed down by air friction. 

Iron and steel are the only strongly magnetic materials. 



TIMSS performance 

Myth is only part of the problem. Students, at least in the U.S., are performing 
poorly. Performance of American students on the Third International Science Study 
(TIMMS) was above the world average at the fourth grade level, just below the world 
average at the middle school level, and significantly below the world average at the high 
school level. 
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The TIMMS report 7 on high school seniors’ performance in physics states, “[The] 
average performance in Norway was comparable to or even exceeded performance at the 
75th percentile in ... countries such as ... the United States.” In fact, U.S. students’ 95th 
percentile lies at about the Norwegian students’ 25th percentile! 

Q 

Consider the question: A club has 86 members, and there are 14 more girls than 
boys. How many boys and how many girls are members of the club? 

This question was put to many students in different countries. (The answer is that 
there are 50 girls and 36 boys.) Only twenty-nine percent of US eighth-graders answered 
this question correctly; 72 percent in Singapore; 66 percent in Taipei, Taiwan; 40 percent in 
Russia answered correctly. 

What is the reason for the sad tale? Diana Jean Schemo 9 writing in the New York 
Times, asked some experts. She points out that “US eighth-grade students are less likely 
than their international peers to be taught math by teachers who majored in the subject (41% 
versus 71%). US classrooms attempt to cover many more subjects in a year than high- 
performing classrooms in other countries. And eighth-grade students spend less time than 
their international peers studying mathematics or science outside of school. ” She quotes 
Chuck Williams, director for teacher quality at the National Education Association. 
“Youngsters in urban communities have less chance to have a teacher who is licensed in 
math and science than in any other area.” And, she writes “‘Some US teachers have the 
idea that most kids can’t learn algebra; even parents believe it. But that’s not true in other 
countries,’ says James Stigler, professor of psychology at the University of California, 
Los Angeles. ‘You end up holding yourself to a lower standard than is necessary, and 
ultimately that’s not good for the nation.’ ” 

What do they know and how do they know it? 

A number of the physicists in the Physics Education Research Group at Ohio State 
University is working on how students understand quantization and the interaction of light 
and matter and radiation and radioactivity. We use ranking tasks connected to these topics 
to elicit student responses. We see in our interviews that they usually have no idea about 
how we know what we think we know. 
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Fig. 3 The Geiger-Marsden apparatus explored Rutherford scattering. The microscope i s 
shown at the end of the a-particle trajectory indicated by the arrow. 

One thing we know: The universe is made up of small particles that are gathered 
into larger assemblies. How do we know? The answer is the Rutherford scattering 

experiment performed by Geiger and Marsden. 10 The experimental apparatus is shown in 
Fig. 3. Zinc sulfide is phosphorescent and glows when hit by a particle because it transfers 
energy to the coating that eventually transfers energy to the electrons in the atoms. These 
atoms emit light as the electrons deexcite, that is, fall from the excited state to a state of 
lower energy. The microscope may be moved around the screen to cover the sphere about 
the target and allow the number of scintillations in a given time to be counted by the 
experimenters. The researchers expected all the scintillations registered to be in the 

neighborhood of 0 ~ 0 on the basis of the reigning “plum pudding” atomic model, but 

found that light was emitted for 0 near 7t (180°). 

Ernest Rutherford, recalling his response to the news from Geiger and Marsden in 
1909, said “It was quite the most incredible event that ever happened to me in my life. It 
was almost as incredible as if you fired a 15-inch shell at a piece of tissue paper and it came 
back and hit you.” He devised the nuclear model as a result. 

After Rutherford’s lab continued with its work for another two decades, identifying 
the proton and neutron as constituents of the nucleus, physicists came to a model of the 
atom as made of just three constituents. These are protons, neutrons, and electrons. 

Those many things of Fig. 1 are just three! But experimental physics marches on, 
and subsequently identified the many particles (and more) shown in the particle zoo of Fig. 
4. 
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Fig. 4 The particle zoo. 

The Contemporary Physics Education Project (CPEP) has provided materials 

-designed to address student and teacher incomprehension of modem physics. 1 1 CPEP is a 
non-profit organization of teachers, educators, and physicists located around the world. 
CPEP materials (charts, software, text, web resources) present the current understanding 
of the fundamental nature of matter and energy, incorporating the major research findings 
of recent years. During the last decade, CPEP has distributed over 100,000 copies of its 
charts and other products. It also maintains a website that supports teaching of 
12 

contemporary topics. 

Four major reasons have pushed us as physics teachers to come to a consensus on 
including more contemporary topics. First, the conceptual difficulties of contemporary 
physics are no more challenging for our students than those they already encounter every 
day in our classrooms. While many modem physics topics are abstract and students do 
have difficulty in understanding them, classical physics has been shown by the extensive 

1 1 

body of research literature to be extremely difficult conceptually. Second, it may excite 
the curiosity of our students, and emphasize to them that physics is an ongoing process. 
This may help students see the human side of physics, and make it seem more 
approachable. Third, despite the addition of “extended versions” of many texts (partly a 
result of the Fermilab conference on the teaching of modern physics in 1986), students still 
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commonly see no physics beyond 1912 at least until they are second (or often the third) 
year physics undergraduates. Most students are not physics majors, and thus lose contact 
with the exploratory spirit characterizing physics research. They may even think that 
physics is unchanging, totally determined, and boring. Fourth, it is more interesting for 
teachers to teach about what is currently happening than to repeat the lectures they 
themselves heard as students. Exciting physics teaching can follow from the excitement a 
teacher feels about physics, and what is happening now is seen as more exciting them 
something that happened a century ago. 

It is important that students learn how exciting science is, that it is not a study of 
“dead,” dry facts but rather a continuing process. We should not treat physics as a set of 
facts to be absorbed, but as a growing body of science based on experimental evidence. 




Fig. 5 A detector records the passage of particles. 

How do we see inside particles? The basic idea arises in diffraction — the 
wavelength X of the probe, a measure of the size of the probe, must be about the size of the 

h 

feature studied for us to be able to see an effect. The de Broglie relation, p = “ , allows us 

A 

to relate the particle momentum to a wavelength. The relativistic energy expression 
E = (p 2 c 2 + m 2 c 4 ) 1/2 ~ pc (p » me) 

h pc 

then means that to see a small feature of size d, p = g - and so E ~ ^ . This means 

that the smaller the size probed, the higher the energy needed. Physicists build accelerators 
to study the small subnuclear features of the universe. They must build massive detectors 
that provide a record of the particles passing through. So many pass through so often that 
interpretation is only possible when powerful computers are harnessed. Fig. 5 (above) 
shows the record of a detector at CERN, the European particle physics research laboratory. 
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The current understanding of the subatomic realm is shown in Fig. 6 (purloined 
from the CERN website). 



Fig. 6 The limits of current knowledge of the subatomic realm. The quarks are colored (see 
the CPEP particles chart). 

My group’s intention throughout has been to let the students themselves lead us into 
an understanding of their own ideas about quantization and the interaction of light and 
matter through interviews and surveys based on the interviews. We think we know things, 
but we have little conception of how our students view these matters. To be able to teach 
them, we need to be able to reach them where they are. 

Why should we be interested? We have three basic reasons: 1. We’ve taught 
students these topics for many years, and don’t really know what the students as a group 
are thinking, either before or after we have taught them. We’d like to know more so we can 
be better teachers. 2. Most people fear what they do not know, and make their lack of 
knowledge into a shield. Then they can be led by media misunderstandings. Remove the 
mystery, remove the fear. 3. Quantization is connected to all these ideas, and one can say 
without exaggeration that quantization is the physics of the twentieth century. 





which are 



made of quarks, 
up-quarks and 
down-quarks ... 



:s and 



which are at 
the current limit 
of our knowledge. 



The new book Physics in a New Era: An Overview presents many areas of physics 

that are dependent on the understanding of quantization and related phenomena. 14 
Appendix 2 contains selected quotes from this book. 



Exploring student views of quantization 



First let us give some definitions: Atom: Entity having a central nucleus containing 
protons and neutrons forced together by the strong interaction. Electrons are also in the 
atom. They do not really “move” as classical particles, but are represented by 
wavefunctions that give the probability amplitude for the electron at all points in space. 
Radioactivity: the transformation of a nucleus into a different nucleus and simultaneous 
emission of energetic particles. Radiation: that which is radiated, emerging along radii 
(spokes). 



Rank the following statements about atoms from most plausible to least plausible. Circle 



the ones you believe correct. 




A. A jelly of negative charge with 
positive particles interspersed. 




B. A solid impenetrable sphere. 




C. A center with orbiting particles 
(like the Sun and planets). 




D. A jelly of positive charge with 
negative particles interspersed. 




H. A center with particles going 
around with orbits canted. 




E. A sphere that gets denser toward F. A center with rings of 
the center. particles surrounding it. 





I. A charged center with 
places other charged particles 
are most probably located. 



,/CV 




J. A charged center with spheres 
and projections indicating where 
other charged particles are most 
probably located. 




surrounded by charged 
particles at symmetric 
locations. 



Most 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. Least 

plausible plausible 

Fig. 7. Models of the atom ranking task. 
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One problem with interviews is that the students have to speak and are unused to 
doing so as they think. We have had quite some difficulty in persuading students to give us 
their continuing thoughts as they do their thinking. What could we do? The answer we’ve 
found: Use ranking tasks! David Torick, a graduate student in education working with me 
on the radioactivity project had seen the ranking task book by Heiggelke, Maloney, and 

O’Kuma, 15 and was inspired to try this technique in interviews. I was skeptical that it 
would be useful, but we tried it and found that having the task to talk about made students 
much more garrulous. We have been using these ranking tasks since. 

One example of these tasks is illustrated in Fig. 7 above. It asks for students to rank 
the models of the atom shown from most plausible to least plausible. Table 2 shows a 
physicist’s ranking of the plausibility of these models. , 



Tab le 2: Ordering of the pictures of models of the atom, according to a physicist. 

Most plausible 

J. This reflects the probability interpretation and shows where the electrons most 
probably are. 

I. Again, the idea of probability is there. 

H. At least there’s a nucleus. A classic (?) textbook illustration. 

C. At least there’s a nucleus, but why should the electrons move in a “planetary” plane? 

K. At least there’s a nucleus. A classic (?) textbook illustration in chemistry texts. 

A, D. The Thomson “plum pudding” model that led Rutherford’s group to do their 

experiment. 

F. Why rings? 

E. Why relatively continuous density gradient? 

B. The original model of Democritus. Not too useful. 

G. Ridiculous. 

Least plausible 



We have done around thirty in-depth interviews examining the ideas students have 
about the characteristics of light and the interaction of light and matter. After these 
interviews of students and faculty from a number of different college physics courses, we 
created a survey based on the students’ statements in the interviews, and, finally, 
interviewed a small number of students who had taken the survey to ascertain whether they 
had understood the questions. The latter two steps have been iterated. 

Because we initially had little idea about students’ conceptual understanding in this 
area, and because we did not want to prejudice them by putting our words into their 
mouths, we planned to let their responses determine the direction of each subsequent stage 
of our inquiry. In particular, almost every survey item came either from specific student 
responses to interview questions, or from ideas implied by those responses. Some of the 
ideas we encountered are shown in Table 3. 
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Table 3: Ideas found in the interviews. 



• Photons are not light. 

• A particle cannot be a wave. 

• A wave cannot be a particle. 

• Light is not a particle. 

• A photon has no size. 

• A photon’s size is related to its wavelength. 

• Waves that go through slits are trimmed if their amplitude is too large. 

• Waves that go through slits are trimmed if their wavelength is too large. 

• Waves that go through slits bend at a sharp angle and then continue in a 
straight line. 

• Photons are made up of smaller particles. 

• Protons are made up of smaller particles. 

• Energy levels correspond to electron positions in atoms. 

• Valence electrons in atoms carry photons. 



To see if other students had similar ideas to those found in the interviews, we 
created surveys from the interview data. The surveys provide a more efficient means than 
interviews for collecting data from a large number of students. The students who took our 
multiple choice, multiple response and Likert item survey fell into three categories: 
engineers, technical students, and non-science, non-engineering students. These are color- 
coded in the pictures shown as slanting down, straight across, and slanting up, 
respectively. 



The photon is a part of the nucleus in an 
atom. 



60 % -r 




disagree neutral agree dk, na 



Fig. 8 Student responses to the question shown by category of student. 
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Surveys were constructed using two different types of items, multiple- 
choice/multiple-response and Likert-scale. The multiple-choice/multiple-response items 
dealt with mental images and photon properties. They allowed for students to make more 
than one choice for each item, and each included a 3-point confidence indicator. Likert- 
scale items are statements; students are asked to rate their level of agreement with the 
statements (from strongly disagree to strongly agree) on a 5-point scale. The option “don’t 
understand” was to be chosen if the statement was somehow unclear to the student. Likert- 
scale items covered a wide range of topics related to photons, light, and matter. 




Fig. 9 Student responses to the question shown by category of student. 



Photons are composed of several spherical 
parts, like atoms are. 




Fig. 10 Student responses to the question shown by category of student. 

Various versions of our survey were given to 374 undergraduate physics students 
in three different categories: non-science/non-engineering majors at a large public university 
(120), engineering majors at the same university (170), and students in a two-year technical 
college at a different large public university (84). The non-science/non-engineering majors 
were mainly enrolled in inquiry-based courses; the others were enrolled in traditional, 
lecture-based courses. None of the courses or their prerequisites dealt explicitly with 
quantization or photons. Figs. 8, 9, and 10 show some of the responses we found. 

Student interviews showed a broad range of ideas about what photons are and 
about what they do. Among the mental images of photons that students identify are a 
particle, a wave, a composite object, a “ball” or “bundle” of light, and each of the other 
answer choices displayed in survey multiple-choice question 1, which gave a number of 
choices of such images. Students also displayed a number of different ideas about a 
photon’s properties. Many said that a photon’s size is related to its wavelength or energy, 
that it is comparable to the size of an electron or an atom, that a photon can’t “fit” through 
narrow slits that are smaller than its size, or that it has no size at all. Many agreed that a 
photon is somehow round in shape, that its speed is very large, and that it has no mass. 
However, about 20% did attribute mass to photons. 

Two Likert-scale items showed substantially different response rates (by which we 
mean > 20% differences among responses) among the different kinds of students. 
Engineering majors were almost twice as likely as non-science/non-engineering majors to 




agree that “You’ve got to excite atoms to produce photons” (item 26, see Appendix 3). 
Engineers were also substantially more likely than the other groups to disagree that photons 
are composed of several parts (item 27BC, see Appendix 3). 

The non-science/non-engineering students were much less certain about the item 
statements than students in the other two categories. Many of the students surveyed did not 
have robust ideas about photons or quantization at all. This can be seen by the frequency 
with which options “neutral” and “don’t know” were chosen on the Likert-scale items, 
especially by non-science/non-engineering students; in fact, they chose the “don’t know” 
option more frequently than the other groups on every one of the 66 Likert-scale items. 
These responses were quite frequent. More striking are indications that many students who 
had no well-developed ideas about the photon generated ideas spontaneously when 
presented with either a question or options. 

To illustrate some of the ideas we found in the interviews on this topic, we include 
brief excerpts from interviews with “Dan” and “Abe.” Dan believes atoms gain energy from 
both accepting and emitting a photon. 

I: Okay. The blue doesn’t quite ... The violet line produced by the mercury isn’t quite 

in the band of the blue filter, it’s probably on the edges or something. So, do you think that 
atoms can take and interact with light? 

Dan: The electron stores photons. 

. .1: Okay, so the electron stores photons. 

Dan: Yeah. Somehow. I, I don’t know what I want to say. (laughs) 

I: Go ahead. 

Dan: I want to say in a spark, you’d see a light. 

I: Right. 

Dan: If you see something sparking, that’s electrons traveling. I want to say they give 

off a photon at that point. You’d see that light. 

I: Okay. 

Dan: I don’t know if that’s right. 

I: Okay. So, after this electron gives off this photon, does the electron have more or 

less energy? Or does energy stay the same? 

Dan: I’m gonna say the energy stays the same. 

I: Why? 

Dan: I think the electron’s just a carrier. I don’t know. I’m not gonna say. 

Abe has described “good physics,” but probing reveals that he thinks that bonds 
weaken as photons are emitted or absorbed (much as a metal weakens if it is repeatedly 
bent). Abe further believes that white light is “just how light comes.” 

I: [Do] you think an atom changes when it gives off light? 

Abe: Yeah. Like I said, I think it tries to get back to its original state. When electrons are added 

to it, it tries to go back to the state it was before. But, you know, it keeps throwing off the energy 
as light. I think eventually, it would weaken whatever bond it had to the other atoms. 

I: Why do you think that? 

Abe: Because you know, it’s energy and electrons are being added to it and being taken away, in 

this process of back and forth, and I think it weakens it to the point where it’s not going to bond 
to another atom. 
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It appears that students have very diverse views about what photons are and what 
they do. This is apparent in the interviews and in the survey responses. (See Appendix 3 
for a survey version.) Many think that a photon contains particles of light. Many fail to 
recognize that photons are massless. About twice as many students believe that a light wave 
produces photons as it travels as do not. The numbers and kinds of mental images of 

photons are consistent with the results of Mashhadi and Woolnough. 16 

Everyone (including experts) who contemplates light quanta depends heavily on a 
concrete mental model. Despite existence of the idea of light as a particle, the photon, and 
common references to photons in the popular media, most students lack real knowledge of 
what this word means. More detail on our work is to be found in the paper submitted for 

the MSaTERS Proceedings distributed at the meeting. 17 

Exploring student views of radioactivity 

In surveys and over 30 interviews, we have probed ideas about radiation and 

radioactivity held by preservice teachers. Past research 18, 19 has shown that students 
confuse contamination and irradiation, and that their model of half-life includes halving the 
mass and volume of the decaying substance. In addition, Prather has identified a valence 
electron model of radioactivity, the idea that the atomic electrons are responsible for the 

90 

decay. We have encountered these among many other ideas. 

For example, many students believe that nothing (in particular, themselves and the 
interviewers) can be radioactive unless it is exposed to radioactivity; students often do not 
recognize which information they need to answer questions; many students misuse 
information on mass, mean life, half-life, and decay rate; many seem to think that machines 
make radioactivity and that no radioactivity existed until recent times. 

As in the project discussed in Sec. V, ranking task interview questions were used to 
elicit interviewees’ natural ideas about radioactivity rather than provoking a memorized 

response. 15 We have found in some simple ranking tasks (Fig. 1 1) that students, almost to 
a person, are unable to recognize environments representing the greatest danger to health 
from radioactivity. In still others, the perceived danger from radiation depends on the 
“more is more” idea that the greater the number of radioactive atoms present, the greater the 
health hazard (regardless of the activity, i.e., independent of the decay rate). Our interview 
subjects, with little scientific background, have shown a predisposition to identify human 
artifice and technology as the sole sources of radioactivity and contamination. 
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Shown on the sheet are nine (9) different locations. All of them except the dinosaur location 
can he considered as present day. 




Rank these situations, from greatest to least on the basis of the amount of radioactivity you 
would be exposed to if you where at that location. 

Greatest 1 2 3 4 5 6 7 8 9 Least 

If any amount of radioactivity you would be exposed to is the same, circle those cases 
together. Please carefully explain your reasoning. 



Fig. 11 Radioactivity source ranking task used with interviews. 



The high-tension electrical wires, car assembly plant, and location far away from 
civilization were all selected based on responses from our original interviews. The 
microwave oven was chosen based on previous work showing that students have 
misconceptions regarding microwaves. The x-ray room and the hospital room were also 
selected to attempt to elicit conceptions that we hoped were similar to those found in the 

work done by Kaczmarek et al., who focused on medical students’ conceptions of a 
radiographic examinations. The nuclear power plant and nuclear aircraft carrier were used 
to ascertain whether interviewees identify any level of radioactivity outside of the 
containment areas. The “age of the dinosaur” scenario was chosen to see whether they 
believed that radioactivity derived from human intervention or was natural. 
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Ta ble 4; What about the radioactivity? A physicist’s classification. 

High ^ 

Age of dinosaurs (E), Far from civilization (G) 

Why? Rock (granite) has substantial thorium and uranium concentrations, and these 
are a emitters. 

May be high 

Kitchen (D; microwave irrelevant), Hospital operating room (F), X-ray lab (H) 

Why? Radon is radioactive. It concentrates in closed rooms unless active steps are 
taken (in some regions of the country). 

Low 

Nuclear aircraft carrier (A), Nuclear power plant (C), Auto assembly plant (B), High- 
tension wires (I) 

Why? (A, C) Outside the shielded reactor cores, there is very low radioactivity; (B) 
Large building, mostly outside air, little radon; (I) Outside air, little radon 



Ta ble 5; What about the radiation? A physicist’s classification. 

High 

Hospital operating room (F), X-ray lab (H) 

Why? When the x-ray machine is on or barium is used or radioactive pellets are 
inserted, there is exposure to the products of radioactive decay and to the x radiation. 

Low 

Nuclear aircraft carrier (A), Nuclear power plant (C), Auto assembly plant (B), High- 
tension wires (I), Age of dinosaurs (E), Far from civilization (G), Kitchen (D) 

Why? All have exposure to cosmic rays, all are equally exposed. (The microwave 
radiation is nonionizing!) 



After you examine the task and choose your answer, look at Table 4, which shows 
a physicist’s ranking of the sites with respect to radioactivity (see definition above). Table 5 
shows the physicist’s ranking with respect to radiation. Table 6 shows the interviewees 
ranking summary. 



Table 6: Results of ranking task on sources 



Item 


Averaged 

Ranking 


Standard 

Deviation 


H. X-ray lab 


2.3 


1.4 


C. Nuclear power plant 


2.7 


2.6 


I. High-tension electrical wires 


4.2 


2.0 


D. Kitchen with microwave 


4.3 


2.5 


A. Nuclear aircraft carrier 


4.4 


2.4 


F. Hospital operating room 


5.1 


1.4 


B. Car assembly plant 


5.7 


0.71 


E. Age of dinosaurs 


7.1 


2.3 


G. Far away from civilization 


7.9 


0.93 
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We present here some student comments with respect to the levels of radioactivity at 
the specific sites shown in Fig. 11. 

Aircraft carrier: 

I do not know that much about some of the things, but the nuclear power plant, and 
the nuclear aircraft carrier, would to me, be great sources of radioactivity. 



Assembly plant: 

The car assembly plant, because, again, just seeing all those electrical waves. And I 
think that equates to radioactivity, too. 

There is machinery there, so that just make so that just makes me think that that 
could be more radioactive than being away from civilization or age of the dinosaurs. 



Nuclear power station: 

The nuclear power plant I think will be next, because again, the way I think there is 
just a lot not known about the nuclear, and I guess I just do not understand when I hear it on 
the news, about the nuclear power plant and how it can affect you. ... So I think that there is 
more to it than what we can see, and nuclear just sounds like a terrifying word to me. 



High tension wires: 

Well, the first thought that comes to my mind is, supposedly those people who live 
near high-tension electrical wire, that they are receiving doses of radiation. 

I don’t think you would be able to build houses right next to them or whatever if 
they did. I think there would be more of a concern if they had a lot. 



Age of dinosaurs: 

I am going to say E is the least, without thinking much. Because, as far as I 
understand, most of the radioactivity around today is because we have generated it in our 
technology. 

E the least, because there was not man on the planet making extra, generating, 
making nuclear power plants and stuff. 

Well, I probably would go with the past day as the least amount of radioactivity. Just 
because, well, I don’t think there is any electricity around back then ... [Next] I would go with 
miles from civilization, ’cause when I think of radioactivity, I think that of electronics and 
power lines and appliances and that kind of thing. 

Because I was thinking that like plutonium and uranium, I think that they occur 
naturally in nature, they can be found there. And I just think that now we are probably were 
those things are because we use them for different things, like the nuclear power plant, so I 
think that there would be less in the Earth. 

I think the least would be right here, at the age of the dinosaurs. Because I just think 
a lot of that area was just more natural it was not touched by humans. 

I think that after this time period when the dinosaurs lived in, humans began to 
contaminate the land a little bit more. And so when I see this human being ... something just 
triggers in my mind, like someone messed with this environment. 

The age of the dinosaurs would be closer to the birth of the Earth ... But anything 
that did have half-lives that have gone through their half-lives have already started to 
deteriorate by this point,, the miles from civilization. Whereas here, not as many things would 
have deteriorated. 
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Hospital operating room: 

I would say hospital operating room, next because I feel like, I always see the warning 
signs, like warning radiation. Like maybe there is stuff that is used that has radiation in it. 

I don’t think they have, I mean, I am not really sure how they work, is it radiation 
that is even an issue with them. And if it is, it is that not different than radioactivity. 

Far from civilization: 

I would say that G, miles from civilization, may have some but I don’t think it is 
going to be very strong. ’Cause I am not sure, but I think uranium occurs naturally, and maybe 
there is some just given off naturally from the Earth. 

I know that there is natural radioactivity occurring, like in certain, probably, rocks and 
minerals and things. And those things are going to be present now and when the dinosaurs are 
around, too. 

Just because there is not a lot of stuff that man generates, same theory as the dinosaur 

thing. 



X-ray lab: 

I am thinking this x-ray lab, because really what I heard more so when I go to a doctor 
and get a checkup. Or I have had x rays before and they always put, this something over you to 
cover vital organs or whatever. And so I just think that that is the most. 

You always have to wear lead gear when you are getting an x ray, I would guess H 
first. ... No lead things no nothing, I would think that this is probably the greatest, the x ray. 

Microwave oven: 

Um. Well, I assume some radiation is being emitted from the microwave oven, which 
is why you’re not supposed to stand in front of it. 

The microwave oven does stuff that I cannot even begin to guess at. If you were to 
stick a cat in the microwave, you better not be expecting it to come back out alive. 

Could be things wrong with my kids. 

[T]he microwave, I think, will be next, because again it’s, like, the radioactivity to 
warm up food and stuff like that [sic]. And to be honest with you, I don’t know if some of 
those waves are going into that food when I warm it up. And I just think that anything 
manmade can have a negative effect to humans. That we can not see right up front, but maybe 
10 to 15 years down the line may develop into cancer or birth defects. 

These quotes were not uncommon. Figures 12 and 13 show just how dubious 
students were about microwaves on the surveys given on quantization. 
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Microwave ovens give off gamma radiation. 




strongly neutral agree, don't 

disagree, strongly know, 

disagree agree no 

answer 



Fig. 12 Students believe microwaves give off y radiation. 

Overall, our study showed that student ideas about radioactivity were pretty 
unscientific and conventionally muddled. Many students cited their own teachers as the 
source of their incorrect ideas, while many cited mass media. Many students unable to 
recognize environments representing the radioactivity. Many perceived danger from 
radiation that depends on the “more is more” idea that the greater the number of radioactive 
atoms present, the greater the health hazard. Students often do not recognize which 
information they need to answer questions. Many students misuse information on mass, 
mean life, half-life, and decay rate. Students also believe that the greater the number of 
radioactive atoms present, the greater the health hazard (regardless of the activity, i.e., 
independent of the decay rate). Finally, human artifice and technology are seen as the sole 
sources of radioactivity and contamination. These student ideas are discussed in greater 
detail in Refs. 22 and 23. 
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photons that hit the body are hazardous to a person's health. 



60% T 





strongly 


neutral agree, 


don't 


disagree, 


strongly 


know, 


disagree 


agree 


no 






answer 



^ Microwave 
^ Xray 
^ Gamma ray 



Fig. 13 Students generally believe all sorts of the radiation that they think microwaves 
give off are harmful. 

A major goal of our project was to see if we could create instructional materials that 
addressed the preexisting student ideas. We have so far written four modules. Module 1 , 
detection, treats the Geiger-Miiller counter, has students do a radioactive balloon 
experiment, attempts to have them define ionizing radiation, and introduces the ideas of 
background radiation, count rate, and uncertainty. Module 2, measurement, has students 
measuring the activity of sources of radiation — which ones are more active?, has them 
decide how to say whether something is radioactive, has students investigate whether 
irradiated objects are radioactive, and treats the difference between contamination and 
irradiation. Module 3, decay, has students (as is often done) use dice to simulate 
radioactive decay — but we added an unconventional twist to make sure they know that the 
decayed “nuclei” are not lost, has students see what N(t) and activity are, and how they are 
connected, shows them decay curves, explores the meaning of “exponential,” the relation 
of lifetime and decay rate, and half-life. Module 4, shielding, is the most conventional, 

dealing with absorbers, comparing absorption of a, P, and y, and investigating the effect 



O 
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of increasing absorber thickness. These are freely available, 24 and we would appreciate 
comments on them. 

An interesting point is that we have used our research to ask students questions that 
explore their preconceptions. An series of examples, modeled on those found in Physics by 

Inquiry , follows: 

1. Two other students are having a discussion. Explain whether you agree with 
student 1, student 2, both students, or neither one. 

Student I: Our background is 0.20 counts per second. The object we measured with 
the Geiger counter registers 105 counts per second. The object is a source of ionizing radiation. 

Student 2: You can’t say that. The greater the count rate, the faster the object decays. 

It’s decaying away so fast it can not be a source of ionizing radiation. 

2. Consider the following debate between two students regarding the fruit on the 
radioactive plate: 

Student 1 : We saw that the fruit was absorbing the radiation from the object. I think 
radiation trapped inside the fruit will cause the fruit to become radioactive. 

Student 2: I disagree. I don’t think that the radiation given off is radioactive. I think 
the object that produces the radiation is radioactive. Some of the radioactive object would have to 
get onto or inside of the fruit to cause the fruit to become radioactive. 

3. Consider the following colloquy among three students regarding the effect of the 
half-life of a sample of a radioactive material, carbon- 14. The half-life of carbon- 14 is 
measured as approximately 5700 years. 

Student 1: After a thousand decays, half of your little pile of carbon-14 there is going 
to be gone. There is still going to be a thousand decays coming from the half the substance that’s 
left. 

Student 2: For carbon- 14, 5700 years is the half-life. In order to insure it will be all 
gone, I would say you would have to have it for a time double the half-life. Because if only half 
the nuclei decay in that amount of time, who is to say that one atom you have is in the half that 
is going to decay or not decay? 

Student 3: I picture the carbon-14 as a glowy thing. I have the glowy thing, which is 
just the intensity of the radiation is decreasing, and then I have the half-life, which tells me half 
of the material disappears after a given unit of time. 

4. Two students are arguing about detection of radiation as the source is moved 
relative to the detector. Explain which student you agree with and why. 

Student 1: When the source is moved farther away, there is a beam coming toward the 
Geiger counter and the count rate remains the same, no matter how far away the source is moved. 

Student 2: The count rate decreases when the source is moved farther away from the 
Geiger counter. Since the particles are emitted in all directions, fewer of them hit the window of 
the Geiger counter. 

These questions are all followed, as in Physics by Inquiry, by the question: Do you 
agree or disagree with the students’ comments. Explain your reasoning. 
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Conclusions 



It is worthwhile for citizens to know what and why we believe there are tiny 
particles making up everything in the world. The process of science, the way science 
uncovers this understanding could help lead to lesser fear of the unknown and less 
mythmaking. 

We are finding out about more about the initial states of students’ ideas about the 
basic building blocks of matter and their perception of how these interact. The 
discrepancies between student “initial states” and expert thinking will, we hope, give us 
clues as to how to help students change their organizational principles. 
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Appendix 1: Ideas about science from Crank.net 

From the website http://www.cropcircleresearch.com/ quoted at CRANK.net. 

“The Independent Research Centre for Unexplained Phenomena was founded in 1993 by Paul 
Vigay, after a number of personal experiences and four years of extensive research into the continuing crop 
circle enigma. Paul was previously a UFO and paranormal investigator, but became interested in crop 
circles in 1989 when he discovered anomalous electrical effects in and around crop formations. After four 
years it became increasingly apparent that there was a real and genuine mystery to the subject. Not only 
have strange aerial anomalies (UFOs) been linked with crop formations, but many people and objects have 
been affected by their influence -- either positively or negatively. Another thing, which has become 
increasingly obvious during the last couple of years is the seemingly paranoid attempts by some skeptics 
and hoaxers to try to debunk the subject in the eyes of the general public .” 

From the website http://www.haberco.com/ns/ns5.html found at CRANK.net. 

“Haber’s new model of the atom is that the nucleus is an oscillating skin, symbolically like that 
of a basketball. The incredibly quick oscillations of the skin create electrons that radiate outward and anti- 
electrons that radiate inward. He refers to the skin itself as the neutron shell. Done away with is the proton, 
which Haber claims has only created confusion in the world of Quantum Physics leading to a ‘particle zoo/ 
the uncontrolled labeling of particles that don’t exist to create other particles that don’t exist, and such 
concepts as renormalization, in which both sides of a mathematical formula are divided by zero; unthinkable 
even to 9th grade algebra students. Haber describes the fleeting particles that are created in bubble chambers 
and particle accelerators as being fluke events and not actual particles.” 

From the website http://www.searleffect.com/ found at CRANK.net. 

“An effect based on magnetic fields that generates a continual motion of magnetized rollers around 
magnetized rings producing electric energy and, under certain conditions, an anti-gravity effect that can be 
used for propulsion. Side-effects include negative ionization of surrounding air and a cooling of temperature 
around the device when in operation. ... Prof. John Searl is the ONLY man in history to have built and 
flown an antigravity device called a levity disc, now called Inverse-G-Vehicle.” 

From the website http://www.stormloader.com/joshua/redmercury.html found at 
CRANK.net. 

“For years, there have been rumors, almost in the urban legend category, that the Soviet Union 
had developed some mysterious substance called ‘red mercury’ that can be used in nuclear weapons 
construction, and that this ‘red mercury’ may be available on the black market for 1000- 2000 per kilo. 
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Rumors have touted it as being able to just about anything including: making stealth aircraft stealthier, 
infrared sensors more sensitive, counterfeits harder to detect, and fission and fusion bombs smaller and easier 
to construct. It may be radioactive or not. It may be the densest material or it may not. ... I would wager 
that red mercury may be useful for much more than destruction. What can kill can cure, eh? Anyway, the 
truth makes free. 



HOW TO TURN QUICKSILVER INTO A WATER WITHOUT MIXING ANYTHING WITH IT 



Appendix 2: Quotes from Physics in a New Era: An Overview, National 
Research Council, 2001 

The following are disconnected quotes from various sections of this book 
illustrating how deeply contemporary physics is involved with quantum mechanics, the 
nanoscale, and the microworld. 

“An atom or molecule in such a light field is really no longer an atom or a collection 
of atoms, but rather a new regime of matter, with the electrons, atomic nuclei, and light 
field having equal roles in determining the structure and behavior.” 

“Many structures in nature are well organized on the nanoscale. For example, a 
seashell has a complex interleaved structure with exceptional strength yet low mass. ... So- 
called diblock copolymers are a beautiful example from chemistry: polymer blends that give 
perfectly organized and highly controlled structures on the nanoscale.” 

“The study of nanoscale electronic devices began to blossom in the last decade and 
a half. It is now possible to fabricate devices that are so tiny that the charging energy 
needed to add or remove a single electron becomes easily observable. In some cases even 
the spacing of individual electron energy levels is large enough to be discemable, making 
these devices analogous to artificial atoms.” 

“We are in the midst of an exciting revolution in the ability to observe and 
manipulate material at the quantum level. The next few decades are certain to lead to new 
insights into the strange world of quantum physics and to dramatic advances in technology, 
as the field of quantum engineering is developed.” 
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Appendix 3: Version B of the survey 

######################################################################## 

Give the best answer(s) to the multiple choice questions. 

######################################################################## 

1 . What are the images that come to mind when you hear the word 
PHOTON? 

(Circle all that apply.) 

a. a particle 

b. a wave 

c. a packet of energy 

d a small, round, positively charged object 

e. a high-energy bullet 

f. quanta of electromagnetic radiation 

g. an extremely small particle in an atom 

h. beams of light 

i. something very small 

j. a ball of light 

k. a disk about the size of a dime 

l. rod-shaped particles 

m. a ball of some kind that’s always white in color 

n other (please explain): 



2. Which of the following physical characteristics do you MOST 
FREQUENTLY use to describe a photon? Circle all that apply; more than one 
answer could be correct. 

a. wavelength 

b. frequency 

c. energy 

d. mass 

e. none of the above; photons are too “small” 

If you circled (e), explain what you mean by “small.” 

My confidence: very certain confident not very confident 

3 . Which of the following BEST describes the size of a photon? 
Circle all that apply; more than one answer could be correct. 

a. photons have no size 

b. the size of an atom 

c. the size of a nucleus 

d. the size of an electron 

e. smaller than an atomic nucleus 

f. photons come in a variety of “sizes” 

If you circled (f), explain what you mean by “sizes.” 



My confidence: 



very certain 



confident 



not very confident 



Note: If you answered (a) to question 3, you may skip question 4 and go directly to 
question 5. 



4 . Which of the following has/have to do with the size of a 
photon? Circle all that apply; more than one answer could be correct. 

a. energy 

b. wavelength 

c. mass 

d. frequency 

e. amplitude 

My confidence: very certain confident not very confident 

5 . The word “quantization” refers to 

a. the separation of the parts of light into their component frequencies. 

b. the separation in energy levels in atoms. 

c. the fact that photons can have certain energies, but not ANY energy. 

d. the partitioning of photons into parts. 

e. the explanation of energy levels in atoms. 

f. how much energy something has internally. 

Circle all that apply above; more than one answer could be correct. 

My confidence: very certain confident not very confident 

######################################################################## 

Use the scale from strongly disagree to strongly agree to respond by circling your 
answer on those questions asking for this rating. Neutral means that you neither agree nor 
disagree, Don’t understand means that you have no idea at all what the question is 
about. 

######################################################################## 
strongly disagree disagree neutral agree strongly agree don’t understand 

6 . 1 An individual photon can have any single frequency in the spectrum. 

7 . A photon is much smaller than an electron. 

8 . Microwave ovens give off gamma ray photons. 

9 . Some photons can be seen by the eye, but only if there are large numbers of 

them. 

/ 

10. An individual photon contains all the frequencies of the spectrum. 

1 1 . Photons are spherically shaped, like protons or neutrons. 

12. A photon is a point. It doesn’t really have a size. 

1 3 . Wiggle a charged particle and it creates photons. 



14. The photon is a part of light and quantization means the separating of these 

parts. 

15. An individual photon can have only frequencies that are in the visible region 
of the spectrum. 

1 6. A light wave produces photons as it travels. 

17. A photon is a few nanometers across. 

18. The photon is a part of the nucleus in an atom. 

19. A single photon of the right type can be seen by the eye. 

20. An individual photon doesn’t have a frequency, but collections of photons do. 

2 1 . Gamma ray photons that hit the body are hazardous to a person’s health. 

22. Smash two nuclei together so that they join and make a new nucleus. You 
will produce photons because the new nucleus you make will have a different rest mass 
than the sum of the other two rest masses. 

23. If you heat metal so that it glows, it emits photons. 

24. I have no idea of what “quantization” means. 

25. Decent enough photographic film can detect one photon hitting it. 

26. You’ve got to excite atoms to produce photons. 

27. Photons are composed of several spherical parts, like atoms are. 

28. The force between two charged objects is caused by an exchange of photons 
between them. 

29. A photon is white light. 

30. If somebody did an experiment where they were able to knock electrons out 
of anything using light waves, it would show that photons behave as particles. 

3 1 . Photons are not light, but can produce light. 

32. When electrons change their energy levels in an atom, photons are being 
absorbed or emitted. 

33. The photon is not real, it is only a way of thinking about light and energy. 

34. A photon is a particle that carries light. 

35. A photon is about the same size as a proton. 

36. When you see the light coming out of a bulb, there’ re millions and millions of little 
photon particles that come out. 



37. There are particles of light inside the photon that move at the speed of light. 

38. When a photon travels through a slit of width less than its amplitude, only 
part of it gets through the slit (it gets “chopped off’). 

39. Shadows are caused by the absence of photons, because a photon can’t get 
through the object casting the shadow. 

40. Gamma rays that hit the body are hazardous to a person’s health. 

41. A photon is a building block of light. 

42. The reason that the electrons in atoms don’t just fly off into space is because 
they pass photons back and forth with the nucleus. 






photons 




A 

B 



£ 

e 



o 

w 



43. Photons do funky things. If a single photon goes through a double slit (slits 
A and B, above), that photon actually goes through both slits A and B at the same time. 

44. Microwave photons that hit the body are hazardous to a person’s health. 

45. When a photon travels through a slit of width less than its wavelength, only 
part of it gets through the slit (it gets “chopped off’). 

46. When the electron in a fluorescent light bulb drops from a higher to a lower 
state, it fluoresces as it collides with photons. 
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Abstract 

Strengthening the preparation of teachers during their college careers is a central 
element in improving schools. Future educators who leave a university with 
misunderstandings of science processes and intent as well as false “facts” have a great 
likelihood of perpetuating them. We attempt to prevent this by working to devise a 
research-based curriculum to meet the needs of preservice elementary school teachers. We 
have interviewed many students who plan to become elementary and high school teachers 
to see what information about radiation and radioactivity they “know.” Ignorance is more 
common than accurate knowledge. We share the results of our interviews. One goal in this 
project is to determine if we can create inquiry-based materials on radiation and 
radioactivity that involve students as constructivist learners. Preliminary materials we have 
developed based on the information gained in these interviews will be discussed and 
distributed. 



Introduction 

Much recent research is based on the recognition that students already have ideas 
about physics before they ever come to class. This may be especially true of student views 
on radiation and radioactivity. [1-3] (We already know that much media information is 
biased and/or incorrect.) Because we think contemporary physics instruction should 
address contemporary topics and because of our interest in nuclear physics, we have 
investigated student views among preservice teachers enrolled in the graduate school of 
education at The Ohio State University. 

We have conducted over thirty individual interviews focusing on radioactivity. Past 
research [1, 2] has shown that students confuse irradiation and contamination, and that 
their model of half-life includes halving the mass and volume of the decaying substance. 
Prather [3] identified a “valence electron model” of radioactivity employed by some 
students, the idea that radioactivity is determined by atomic electrons. These among many 
other ideas were observed. Ranking task interview questions (discussed in detail below) 
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[4, 5] were used to elicit interviewees’ natural ideas about radioactivity rather than eliciting 
a memorized response. 

Having learned in detail about students’ ideas, we are devising curriculum related to 
radiation. We want to create inquiry-based materials on radiation and radioactivity that 
involve students as constructivist learners. Research [6, 7] shows that students taught in 
traditional lecture forms do not develop the understanding of physics concepts different 
from their initial “common sense” (mis-) conceptions we believe is necessary. 

Materials and Methods 

In our first round of interviews, simple questions were asked and students were 
encouraged to expand on their ideas. We were able to elicit conceptions through the 
students’ explanations of existence of background radiation, whether objects have any 
activity at all at any time, how decay might occur. During this round of questions, we 
discovered interesting beliefs about what is radioactive. In order to begin to formulate a 
quantitative understanding, we designed ranking task questions [4, 5] for our next two 
rounds of interviews. In ranking tasks, students are given a set of materials, diagrams, or 
possibilities, and asked to rank them in some order. Student choices reflect their underlying 
thinking about the subject of the questions. 

In our final two sets of interviews, we used ranking task activities that depicted nine 
different situations for the students to rank from highest to lowest based on exposure to 
radioactivity, examined the effect of withholding information on students perception of 
radioactivity, and looked at student ideas of the difference between original and decay 
products. We will now discuss each of these instruments in more detail. 

Radioactive sources 

There were three phases of interviews in an attempt to find student conceptions 
regarding radioactive sources. The interviewees were asked if there was any radioactivity in 
the interview room (a typical conference room at the university). After this, the 
interviewees were shown a Geiger-Muller counter and asked if they understood its 
function. If the interviewees were unaware of its function, we described its use in detecting 
radioactive decay products. We chose not to explain the process, but only to describe how 
the instrument works. The interviewees were then asked if they thought that it would show 
any readings if it was turned on in the room. This background radiation question was 
chosen to eliminate any bias from the testing instrument. After the interviewees had given a 
prediction, we turned on the (audible) counter. Randomly-occurring tones signified 
detection of radioactive decay products. The interviewees were then asked to explain where 
the detected radioactivity may have been coming from. We report on these findings below. 
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Interviews on Radioactive Sources 

This first round of interviews involved twelve preservice teachers. Eleven of these 
were part of a science, math, and technology education program for secondary education. 
The other person was in a preservice elementary school program. All of the interviewees 
had received a bachelor’s degree in some field and were preparing for state certification in 
teaching. 

These interviewees were split in their response to whether or not the detector sensed 
any radioactivity. The interviewees who were able to predict that it would detect 
radioactivity believed the sources were ourselves and/or the cosmic radiation. Students who 
did not think that the detector would detect a decay provided interesting insights into their 
beliefs when forced to explain why it clicked. Some students believed it was due to the 
lights in the room, nearby high-tension wires, or machinery in the building. A phone study 
conducted by Mancl et al. [8] showed that fewer than 25% of college graduates believed 
that radiation exposure can occur from building bricks. During these early interviews, 
students also pointed to minerals and rocks as sources of radioactivity. This identification 
surfaced during interviewee explanations to other questions rather than as a result of our 
suggestions. One student believed that living things were not radioactive, and when asked 
what inanimate objects were radioactive, the student replied, “I think of, like, minerals. 
Minerals could be radioactive things. I think of rocks or metal.” 

Ranking Task Activity on Radioactive Sources 

We chose to use a ranking task question in subsequent interviews to attempt to elicit 
more clearly what students naturally believed. After analyzing our first round of interviews, 
it was obvious that students had ideas that were substantially different than current 
scientific understanding supports. We developed the ranking task question using some of 
these conceptions, as well as other concepts we were hoping to verify. A modified version 
of the question is shown in Fig. 1 . For clarity, the colored pictures have been replaced by 
words and the ranking sheet has been omitted. The general form of this sheet is similar to 
O’Kuma et al.’s [5] ranking task exercises. 
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A. Nuclear 
aircraft 
carrier 


B. Car 
assembly 
plant 


C. Nuclear 
power plant 


D. Kitchen 
with 

microwave 


E. Age of 
the 

dinosaurs 


F. Hospital 
operating 
room 


G. Far away 
from 

civilization 


H. X-ray lab 


I. High- 
tension 
Electrical 
wires 



Fig. 1 A situation depicting a ranking task for sources of radioactivity at 9 different 
locations. Students were asked to rank the locations in terms of hazards. The text 
summarizes the locations shown. 



The high-tension electrical wires, car assembly plant, and location far away from 
civilization were all selected based on responses from our original interviews. The 
microwave oven was chosen based on previous work showing that students have 
misconceptions regarding microwaves. The x-ray room and the hospital room were also 
selected to attempt to elicit conceptions that we hoped were similar to those found in the 
work done by Kaczmarek et al. [9], who focused on medical students’ conceptions of a 
radiographic examinations. The nuclear power plant and nuclear aircraft carrier were used 
to ascertain whether • interviewees - identify any level of radioactivity outside of the 
containment areas. The “age of the dinosaur” scenario was chosen to see whether they 
believed that radioactivity derived from human intervention or was natural. 

Table 1 Results of ranking task on sources 



Item 


Averaged 

Ranking 


Standard 

Deviation 


H. X-ray lab 


2.3 


1.4 


C. Nuclear power plant 


2.7 


2.6 


I. High-tension electrical wires 


4.2 


2.0 


D. Kitchen with microwave 


4.3 


2.5 


A. Nuclear aircraft carrier 


4.4 


2.4 


F. Hospital operating room 


5.1 


1.4 


B. Car assembly plant 


5.7 


0.71 


E. Age of dinosaurs 


7.1 


2.3 


G. Far away from civilization 


7.9 


0.93 



The ranking task activity was able to elicit some common student conceptions 
regarding the greatest sources of radioactivity. Table 1 shows the average of their 
responses (N = 10). If an item is ranked most radioactive it receives a score of one, the 
second most radioactive receives a score of two, etc. Any item considered the same as 
another is scored as the smaller of the two numbers (the higher source). This ranking may 
well cause some of the averages to be weighted to a lower number. 
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The sample size for these data is 10. Given this small number, we do not suggest 
that they represent general students. However, students seemed to give common answers 
and reasoning. Only two students did not rank the nuclear power plant among the top three 
in radioactivity. We note that these students described their location to be in the power plant 
parking lot even as they ranked the plant high on the amount of radioactivity detected. The 
x-ray lab was never ranked below fifth for exposure to radioactivity. Millar’s study [10] of 
high school students in the United Kingdom showed that they had great difficulty 
differentiating between radiation and radioactive material, so we should not have been 
surprised that the x-ray lab was ranked so highly. 

As the interviewees worked on the ranking task, we would continually prompt them 
to think aloud and explain their reasoning. An interviewee who ranked the high-tension 
power lines as low in radioactivity reasoned: “I don’t think you would be able to build 
houses right next to them or whatever if they did. I think there would be more of a concern 
if they had a lot” [of radioactivity]. Interestingly, this student ranked the nuclear power 
plant and the nuclear aircraft carrier as the top two situations for exposure to radioactivity. 
This student believed that society would protect her home from radioactivity; however, she 
was not comfortable with transferring this trust to nuclear reactor safety. In fact, only one 
interviewee ranked the nuclear power plant as having very little threat. “I am going to say 
for the least: I would say the nuclear power plant because I know that they keep the 
radioactive stuff, the isotopes the radioactive materials under water. And I know the water 
is safe enough, at least the one that I went to.” (This student had taken a tour of a nuclear 
power research reactor at The Ohio State University. It is worth noting that other 
interviewees went on this same tour.) Other students were also uncomfortable ranking the 
nuclear power plant as low exposure to radioactivity. “I am sure they have a lot of safety 
measures against, well, for everything, safety in general, if something went wrong in a 
nuclear power plant. Even though . . . they said if anything went wrong we would still be 
okay. Just it still being a fairly new way of power, I don’t know.” 

Interviewees were also effective in expressing their reason for ranking areas low in 
radioactivity. Four of the interviewees believed that the locations far away from civilization 
and the age of the dinosaur would be very low in radioactivity because we, as humans, had 
not affected it. “I think the least would be right here, at the age of the dinosaurs. Because, I 
just think a lot of that area was just more natural, it was not touched by humans or I am 
going to say the least with out thinking much. Because, as far as I understand, most of the 
radioactivity around today is because we have generated it in our technology.” By 
examining the least radioactive pictures, we note that the location far away from civilization 
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was only ranked above eight twice, while the age of the dinosaurs was ranked above eight 
three times. 

Rankings of radioactive samples 

Many book sections on nuclear physics focus on calculating half-life, mean life, 
and the decay rate. We developed several different ranking task interview questions to 
determine what students intuitively believed about the relationship between these factors 
and radioactivity. We also attempted to uncover students’ beliefs regarding what can affect 
the radioactivity of samples. 

In our initial interviews, it became apparent that the students believed that 
radioactivity was context-specific. For example, during our first interviews, several 
students asserted that atoms on the surface were more likely to decay than atoms inside a 
substance. This view motivated us to develop new questions for a second round of 
interviews. These questions exposed student beliefs on the effects of temperature, element, 
or quantity, and the state of matter of the sample. In our final round of these interviews, we 
created four ranking task questions that allowed us to view the interviewees’ attempts to 
utilize lifetime or decay rate information in comparing the radioactivity of several samples. 

The first set of interviews posed several questions on half-life and what remained 
after one half-life, originally intended to reproduce previous work [1, 3, 8, 10] that had 
shown that students often believe that half-life relates means halving the mass and volume. 
Such views were indeed found. Although we were originally seeking to understand what 
students believed happens after one half-life, we found some interesting conceptions after 
deeper probing. One student believed that an element would have a greater radioactivity if it 
was spread out (in pitchblende) versus being in one homogeneous substance, “Based on . . . 
the surface area; with it being scattered, you have more exposure rather than a chunk.” 
Another student used similar reasoning in explaining why more atoms would decay on the 
surface than in the center of the sample: “if it is losing something, it is easier for this to lose 
something to the environment.” A third student believed that atoms in the center of the 
sample would decay quicker because “when it radiates, particle, usually, those particles 
have lots of energy. And I am thinking, that, since they do have a lot of energy, if they hit 
another atom, they could somehow disturb that atom, especially if that atom is already 
unstable. They might, like, kind of, have an influence on them, make it more likely to emit 
something itself, when it collides with a high active particle.” Most students believed that 
there were outside factors that influence radioactivity. As we reviewed our results, we were 
happily surprised that half of the students believed that state of matter would have no effect. 
Of those students who did believe that state of matter did affect decay exhibited the effects 
of media, “when they have ... explosions at Chernobyl and stuff, the threat is ... when it is 



out in the gas.” Students consistently believed that temperature affects radioactivity. All but 
one of the students believed that radioactivity increased as temperature went up. “I would 
think that when ... it is hot it is more radioactive. Just because, like, hot temperature makes 
things move around more. Like in air when the air is hot the molecules move around more. 
And, um, so I think that it would give off more radioactivity if it was hotter.” 

Our third round of interview questions were designed to see how the students 
would utilize information in determining relative radioactivity. All of the ranking tasks were 
printed in color to help the interviewees realize that C was always a different element from 
A, B, and D, which represent different amounts (C always had the same number of 
radioactive atoms as B). In each ranking task comparison, C had the highest activity (so the 
order expected should be C, D, B, A). These questions were designed to determine how 
students may attempt to use the concepts of half-life, mean life, and decay rate to 
qualitatively predict radioactivity. The first comparison did not provide any additional 
information; the three other comparisons provided information on the two nuclei: mean life, 
half-life, or their decay rate. Most students believed that the larger the number of atoms, the 
greater the radioactivity, regardless of other considerations. “Based on the number, right . . . 
because they are all radioactive atoms, maybe different materials, but they’re all radioactive, 
and just the amount, I guess, makes the difference.” Perhaps the best analogy came from 
an explanation for ranking B and C together, “because radioactive means radioactive. Like, 
I am trying to think of an analogy, like, 1000 pounds of paper weighs the same amount as 
1000 pounds of lead.” It is clear that the interviewees are trying to apply schemes that were 
successful in the past, but will not work in this situation. 

Summary 

From our interviews, it is apparent that teachers need a clearer understanding of 
sources of radioactivity. We have found in simple ranking tasks that few students are able 
to recognize environments representing the greatest danger to health from radioactivity. In 
still others, the perceived danger from radiation depends on the “more is more” idea that the 
greater the number of radioactive atoms present, the greater the health hazard (regardless of 
the activity, i.e., independent of the decay rate). Our students, with little scientific 
background, have shown a predisposition to identify human artifice and technology as the 
sole sources of radioactivity and contamination. 

A properly designed curriculum should account for student beliefs that radioactivity 
is temperature specific. An instructor should also be aware of how some students may 
intuitively misapply half-life or mean life to radioactivity. Some of our students believed 
that the longer an element “lives,” the more radioactive it becomes. 



Our students have shown that a working definition of radioactivity is not readily 
accessible to most people. It is difficult for them to analyze a situation correctly or even 
interpret a diagram such as the ones presented here. They also are unaware of the different 
risks associated with different decay products. These items must be remembered in the 
education students as they attempt to form a non-intuitive understanding of what is 
radioactive. 

Note 

This research is supported in part by the National Science Foundation under grant 
DUE-9950528. This article is also scheduled to appear in Proceedings of the PHYTEB 
Conference, GIREP 2000 (in press). 
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Abstract 



There has so far been very little work on student understanding of the broad 
underpinnings of quantum mechanics. We report here on our preliminary work examining 
their original knowledge state. We have interviewed many students and used their 
responses to questions to try to categorize their knowledge and to see how it differs from 
expert perception of quantum phenomena. Students entering the university exhibit quite 
limited knowledge of the interaction of quantum mechanics. We believe that some student 
ideas are robust and that many ideas are constructed in response to questioning. 



Without a doubt, quantum mechanics is one of the most important scientific theories 
of the twentieth century. Quantum theory has radically altered our view of the physical 
world, while at the same time its applications have had immeasurable impact on our 
everyday lives. By a mere decade from now, computers will have reached a “quantum 
limit,” where the components will have become so closely packed that quantum effects will 
be unavoidable. 

Despite this demonstrated importance, the fraction of students who will have had a 
significant exposure to quantum mechanics by the time we see them is tiny, which might 
explain the limited focus that the physics education research community has placed on the 
subject up to the present. Because of our dependence on the fruits of quantum mechanics to 
sustain our modem life, and the continued prominence that quantum theory gains as it ages, 
many have predicted that more and more students will be required to learn the basics of 
quantum mechanics as the 21 st century progresses. We, as educators and researchers need 
to prepare for this trend by investigating student thinking about quantum mechanics. 
Recently, there have been a number of studies on just this subject [Refs. 1, 2, 3, 4], 
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However, these investigations have focused narrowly on particular phenomena or topics in 
quantum theory, leaving the bulk of this large subject untouched. Although we feel that 
many of these previous studies are of the highest caliber, we also feel that quantum 
mechanics is such a new and different subject that it is important to develop a picture of 
how students think about the subject as a whole. This study represents a first step in 
mapping out students’ thoughts about the “broad landscape” of quantum mechanics. 

In this paper we will discuss our investigation of student thinking about a wide 
variety of topics, which are subsumed under the title “quantum theory,” including 
interference and diffraction, quantization of atomic energy levels, atomic structure, the 
nature of light and matter, and the interaction between light and matter. Our investigation 
consisted of multiple series of student interviews and written surveys, which were 
administered to a wide range of students and faculty. We shaped our study in two particular 
ways to take into account our students’ lack of formal exposure to quantum theory. First, 
we used the concept of the photon as a common thread to probe students’ understanding of 
a wide range of topics in quantum mechanics. In addition, we built most of our survey 
directly from quoted statements made by students during the initial round of interviews. 
This was done specifically in order to minimize the impact of our “expert” understanding of 
quantum mechanics on the students during the interviews and surveys. 

We see the study discussed in this paper as the initial step in a larger investigation. 
Our purpose is to shed light on the ideas that students have about quantization and related 
phenomena. By looking at the broad range of topics we do here, we have eschewed 
exploring any particular area in much depth. Despite this self-imposed limitation, however, 
we see this study as of great value in providing broad view of how naive students think 
about quantum theory. We hope to identify trends in student responses that may indicate 
certain patterns of thinking. These trends can be used to guide future studies and to identify 
specific subareas of quantum mechanics that may be of particular interest as we attempt to 
understand students’ thinking. While we are currently in the process of undertaking such 
further investigations, we also hope that this paper will stimulate others who are doing 
similar work. 

Another possible extension of this work (and one which played a major role in 
shaping this project) is the development of a reliable and valid instrument for characterizing 
the ideas of physics classes or of particular students about quantum mechanics. We hope 
that out cataloging of student responses about a wide variety of issues in quantum 
mechanics will provide rich material for distracters on such a diagnostic. Ideally, this and 
subsequent investigations will lead to instructional strategies and curricula that will improve 
student learning of quantization and other quantum mechanics concepts. 



In Sec. II, we discuss the methodology we employed, interviews and surveys, to 
explore student ideas about the interaction of light and matter. The results of our 
investigations are briefly discussed in section III. In Sec. IV, the outcomes of the 
interviews and surveys are discussed in more detail. Sec. V constitutes our conclusions. A 
version of the final protocol for our interviews is presented in Appendix 1 and the survey is 
found in Appendix 2. 

Methodology 

Prior research in student ideas about quantization has focused on student ideas 
about topics such as the wave model of light [Ref. 3], the photoelectric effect [Ref. 1], and 
visualizing quantum entities [Ref. 4]. In order to identify trends in student responses that 
may indicate certain patterns of thinking about these specific subjects as well as others that 
as yet have not been explored in the literature, we have adopted here a threefold approach. 
We first interviewed students and faculty from a number of different college physics 
courses; created a survey based on the students’ statements in the interviews; and, finally, 
interviewed a small number of students who had taken the survey to ascertain whether they 
had understood the questions. The latter two steps have been iterated. To begin to explore 
these issues, we discuss the background of the interviews and surveys. 

We did not expect that most students had even heard the word “quantization” or had 
any idea of its meaning (an expectation verified in several interviews and on the surveys); 
therefore, many of our questions ask about the “photon,” a more familiar term. It turned 
out that many students we interviewed had not even heard of photons; we shall not discuss 
their responses. 

Original Interviews 

The informal interviews allowed for in-depth exploration of the range of student 
ideas about quantization and were the basis for the later preparation of the surveys 
(discussed in Sec. II. B.). Because we initially had little idea about students’ conceptual 
understanding in this area, and because we did not want to prejudice them by putting our 
words into their mouths, we planned to let their responses determine the direction of each 
subsequent stage of our inquiry. In particular, almost every survey item came either from 
specific student responses to interview questions, or from ideas implied by those 
responses. 

We ultimately interviewed 22 people. Interview subjects included 4 undergraduate 
engineering majors, 2 non-science/non-engineering majors, and 2 high school students 
enrolled in courses in different introductory physics sequences. We also interviewed 3 



physics graduate students, 2 sociology graduate students (both with extensive coursework 
in astronomy), and 8 physics faculty. 

Our first 17 interviews were broadly focused, and included questions about mental 
images of a photon or groups of photons, properties of photons, detection of photons, and 
whether or not photons are real. The 5 later interviews included simple demonstrations of 
light phenomena and related questions. The complete final interview protocol, including the 
initial questions and demonstration descriptions, is shown in Appendix 1. Note that the 
questions were used as a guide and were followed up with additional questions that 
depended on the response of the subject and the judgment of the interviewer. Of the four 
different interviewers, two were physics faculty and two were physics graduate students. 
The interviews lasted approximately an hour; they were audio taped and subsequently 
transcribed. 

Surveys 

To see if other students had similar ideas to those found in the interviews, we 
created surveys from the interview data. The surveys provide a more efficient means than 
interviews for collecting data from a large number of students. Further interviews were 
used to verify the validity of the surveys and to refine them, as we discuss in Sec. II C 
below. 

With a few exceptions; the ideas contained in all survey items came directly from 
interview transcripts, either as quotes or paraphrases of student comments, or as ideas that 
were possibly implied by them. A few items were inspired by the results of others’ 
research [Ref. 3]. All other items reflect statements made by at least one student somewhere 
at some time. 

Surveys were constructed using two different types of items, multiple- 
choice/multiple-response and Likert-scale. The multiple-choice/multiple-response items 
dealt with mental images and photon properties. They allowed for students to make more 
than one choice for each item, and each included a 3-point confidence indicator. The first 
two items of Appendix 1 gives two of these items that were used in all versions of the 
survey. 

Likert-scale items are statements; students are asked to rate their level of agreement 
with the statements (from strongly disagree to strongly agree) on a 5-point scale. The 
option “don’t understand” was to be chosen if the statement was somehow unclear to the 
student. Likert-scale items covered a wide range of topics related to photons, light, and 
matter. 

Various versions of our survey were given to 374 undergraduate physics students 
in three different categories: non-science/non-engineering majors at a large public university 



(120), engineering majors at the same university (170), and students in a two-year technical 
college at a different large public university (84). The non-science/non-engineering majors 
were mainly enrolled in inquiry-based courses; the others were enrolled in traditional, 
lecture-based courses. None of the courses or their prerequisites dealt explicitly with 
quantization or photons. 

Of the four different versions of the survey so far constructed, three are discussed 
here. Version A included 4 multiple-choice/multiple-response items and 42 Likert-scale 
items. Versions B and C were constructed subsequently; each included 5 multiple- 
choice/multiple-response items and 41 Likert-scale items. Versions B and C are identical 
except for 3 Likert-scale items (8, 21, 40); these items on version B refer to gamma rays, 
while those in version C refer to x rays. Survey version B is included as Appendix 1 . 
Version A was given to 70 students, version B to 201 students, and version C to 103 
students. 

For ease of analysis, Likert-scale items were assigned to categories based on the 
subject of each item statement. These categories, and the items from survey version B 
assigned to each, are listed in Table I. Since some items reflect more than one subject; they 
are therefore listed in more than one category. 

Table I. Categories of Likert-scale items from survey versions A, B, and C. The number 
shown is the item number. Item numbers with no letter attached indicate items appearing 

on all versions of the survey. ’ 

Quantization - Energy levels: 5 BC, 1 1 A, 16 A, 18 A, 26, 29, 30, 32, 40 A, 41 A, 46 

Quantization - Not energy levels: 5 BC, 6 A, 14, 21 A, 24 BC, 45 A 

Photon vs. light; 14, 16 BC, 21 A, 31 A, 31 BC, 33, 34, 35 A, 36 A, 36 BC, 37, 41 BC 

Photons are not real: 3 3 

Size: 3. 4, 7, 12, 17, 35 BC 

Shape: 11 BC, 27 BC, 38 A 

Producing photons: 13, 16 BC, 22, 23, 24 A, 26, 27 A, 36 A, 36 BC, 44 A 
Color/frequencv: 5 A, 6 A, 6 BC, 10 A, 10 BC, 15 A, 15 BC, 20 A, 20 BC, 23, 30, 29 
Wave-particle duality: 1, 43 

Observing/detecting photons: 9, 19 A, 19 BC, 25, 29, 30, 36 A, 36 BC 
Photons as force between objects: 28 A, 28 BC, 42 
Slit experiments and “chopp in g off”: 38 BC, 45 BC 
Shadows: 39 A, 39 BC 

Photons are protons (or another part of the atom): 1, 1 1 BC, 18 BC, 27 BC 



Post-Survey Interviews 

Because we used student statements as the basis for the survey questions, and 
because these were definitely non-standard in content, we were concerned that the 
questions be intelligible to students doing the survey. To make certain that students 
understood items, we did 3 to 5 post-survey interviews at each iteration of the survey. 

Brief Results 

In this section we describe some of our data. 

Interviews 

Student interviews showed a broad range of ideas about what photons are and 
about what they do. Among the mental images of photons that students identify are a 
particle, a wave, a composite object, a “ball” or “bundle” of light, and each of the other 
answer choices displayed in survey multiple -choice question 1 (Fig. 1). 




Figure 1. Responses to multiple-choice/multiple response item 1. The percent of the total 
number of students responding to each choice is shown. 
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Some of the more colorful descriptions of mental images of photons from our 
interviews are: 

“A little ball of light or packet of light, traveling in a continuous wave motion.” 

“The carrier of energy.” 

“Very small, extremely impossible to see.” 

“The atom’s nucleus - several little circles or balls.” 

One student emphasized that “bright white sphere” was merely his mental image, 
and not what he thought a photon actually was: “I don’t know exactly what a photon is, 
what it looks like, if it even looks like anything. But that’s just the image I get.” 

Students also displayed a number of different ideas about a photon’s properties. 
Many said that a photon’s size is related to its wavelength or energy, that it is comparable to 
the size of an electron or an atom, that a photon can’t “fit” through narrow slits that are 
smaller than its size, or that it has no size at all. Most agreed, however, that a photon is 
somehow round in shape, that its speed is very large, and that it has no mass. As one 
student recalled, unconfidently, “Anything moving at the speed of light can’t have mass. 
I’m not sure if that’s right either. It’s just something I’ve heard.” 

The concept of photon as indivisible came up for several students in the context of a 
question about a light bulb that gets steadily dimmer. Most had no trouble with it, but one 
said, 

Maybe the least amount you could possibly have is one [photon], ... I don’t know, that doesn’t 
make much sense actually. You’d think you can always get lower and lower. But, once you get to 
1, it’s pretty hard to have a half of one. 

The very nature of photons came into question for many students. Some said that 
light waves “give off photons,” that photons carry light or energy, or that photons are 
“building blocks” or components of light. A few went so far as to say that a photon is not 
real, but merely a way to think about light and energy. When asked how he knew photons 
exist, one student reasoned, “I observe light, so if photons make up light, then photons 
exist.” 

Many other interesting comments about photons were made by students in 
interviews. Several of them were turned into the Likert-scale survey items that comprise 
survey version B (see Appendix). 

Faculty and graduate students also had a wide range of ideas about photons, but 
they were generally more sophisticated than those of undergraduates. In their responses 
they frequently mentioned electromagnetic force and energy, quantum operators, gamma 
particles, and the wave-particle duality. Mental images of photons described by faculty and 
graduate students include: 
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“Like a squiggly arrow, like a little sine wave with an arrow at one end.” 

“Little high energy bullets flying out of a collision.” 

It is important to see how models adopted by faculty, graduate students, and some 
undergraduate students (those who have models) fit into the schema of the physics. Fig. 2 
shows the diagram of Kidd, Ardini, and Anton [Ref. 5], which clarifies the relationship of 
various physically plausible models of the photon. Note that the popular corpuscular model 
occupies only a small section of the possible “model space.” We have observed 
undergraduate student models that differ significantly from canonical models such as found 
in Fig. 2. 





Photon IV: QED 






Photon I: 


Photon II: 


Photon III: 


Semi classical Model 


Corpusde 


Singularity 
■ (soliton?) 


Wave packet, 
wave train 


Quantization of 
bound particles 


Classical 
EM wave 



OR: Bohr's duality 

AND: de Broglie's particle-cum-pilot wave 



Figure 2. Kidd, Ardini, .... and Anton classification of photon models. 



Surveys 

Many of the ideas uncovered in interviews were again seen in the results of the 
surveys. Results were generally quite varied for each group of students, but some trends 
can be identified. In particular, it was found that non-science/non-engineering students 
answered multiple-choice/multiple-response questions more readily than they answered the 
Likert-scale items, even if they lacked confidence in those answers. These students 
frequently chose “don’t understand” on Likert-scale items. 

Multiple-choice/multiple-response items 

Item 1 , common to all survey versions, shows that for close to 70% of students, 
the word photon conjures the mental image of a particle (see Fig. 1). Also frequently 
chosen as mental images of photon were “a packet of energy” and “something very small.” 
Other answers were chosen less frequently, although each was chosen by at least two 
students (out of 374). 

Item 2, also common to each survey, shows that energy is one of the characteristics 
most commonly used for describing a photon, according to 78% of students (see Fig. 3). 
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Less frequently chosen, but still picked by at least 20% of students, were wavelength, 
frequency, and mass. 




Figure 3. Responses to multiple-choice/multiple response item 2. The percent of the total 
number of students responding to each choice is shown. 



Responses to items 3, 4, and 5 [App. 1, Ref. 6] also show little difference between 
groups. In these items, no answer choice is the clear winner, as each was picked by at least 
several students. 

We could not tell much from the confidence indicator on the multiple 
choice/multiple response questions. There appears to be no correlation in our sample 
between conviction of the student and the choice of more plausible or less plausible 
models. Some of the most confident students, for example, chose mass as a common 
photon characteristic. 

Likert-scale items 

A complete set of data from the 66 Likert-scale items that were used in the three 
survey versions can be found in Ref. 6. We present here a summary and some of the 
highlights. 

As a whole, these items show that many students have litde idea of what photons 
are; among those who do have an idea, there is much disagreement. For each item, there 
were students who agreed, those who disagreed, and those who did not know whether or 
not to agree. Thirty-seven items out of the 65 Likert-scale items used in the various 
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versions of the survey show a difference of greater than 20% between the percentages of 
students who agreed and of those who disagreed. 

For many items, we expected there to be either strong support or almost no support 
among the students, either because these items represent facts that we thought were well- 
known or because they come from incorrect statements made only by single students in 
interviews. There was general agreement (among at least 50% of students) that photons are 
building blocks of light and that hot, glowing metal emits photons (items 35A/41BC, 23). 
However, there were surprisingly mixed responses about whether light from a bulb 
consists of a large number of photons, if particles exist inside photons, if photons are 
composed of several parts, if photons are components of atomic nuclei, if photons are 
simply white light, or if photons themselves produce light (items 36, 37, 27BC, 18BC, 
30/29, 31BC). 

We revised questions when we found through our post-survey interviews that the 
statements were in some way confusing. In the first version of the survey, for example, we 
asked students to agree or disagree with the statement (item 31 A): “Photons can produce 
light.” We expected students to disagree, because photons are light. Students, however, 
agreed by 60% to 17% (about 20% had no opinion). Some students interviewed told us 
that they agreed because photons are light, while others disagreed for exactly the same 
reason. We revised the questions to read (item 31BC): “Photons are not light, but can 
produce light.” We now expected students to recognize the distinction and disagree more 
strongly than in survey A. A majority of students expressing an opinion still agreed after 
the statement’s reformulation, but by a reduced margin of 40% to 20% (roughly 40% had 
no opinion). 

Two items showed substantially different response rates (by which we mean > 20% 
differences among responses) among the different kinds of students. Engineering majors 
were almost twice as likely as non-science/non-engineering majors to agree that “You’ve 
got to excite atoms to produce photons” (item 26). Engineers were also substantially more 
likely than the other groups to disagree that photons are composed of several parts (item 
27BC). 

The non-science/non-engineering students were much less certain about the item 
statements; in fact, they chose the “don’t know” option more frequently than the other 
groups on every one of the 66 Likert-scale items. This may be because they know less 
about photons and light — their choice of major may indicate less of an interest in science 
and thus they may have acquired less scientific knowledge. Alternatively, the result could 
be due to different levels of confidence — engineering and technical students may feel more 
confident in their grasp of science topics (whether or not they should be), causing them to 
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choose “agree” or “disagree” more frequently than students outside technical fields. Items 
in which non-science/non-engineering students chose “don’t know” with particular 
frequency were items relating to atomic energy levels (item 32 as well as five other items 
that were administered only in survey version A [1 1A, 18A, 40A, 41 A, 45A], which are 
available at our website, Ref. 7) or to the color or frequency of individual photons (items 
10, 15, 20). 

Discussion of the Results 

It appears that students have very diverse views about what photons are and what 
they do. This is apparent in the interviews and in the survey responses. The numbers and 
kinds of mental images of photons are consistent with the results of Mashhadi and 
Woolnough [Ref. 4], Mashhadi and Woolnough found that different students described 
their visual images of a photon as a “bright ball,” a “very small particle,” a “packet of 
energy,” or having “no mass or charge.” These descriptions were commonly given by the 
students we interviewed. 

It is not surprising that many of the students surveyed did not have robust ideas 
about photons or quantization at all. This can be seen by the frequency with which options 
“neutral” and “don’t know” were chosen on the Likert-scale items, especially by non- 
science/non-engineering students. These responses were quite frequent. More striking are 
indications that many students who had no well-developed ideas about the photon 
generated ideas spontaneously when presented with either a question or options. Many 
students chose an answer, but indicated that they were either guessing or unsure of then- 
responses. 

This observation was supported by interview data. During the initial interviews, 
students would often answer a question or make a statement, but would be unable to justify 
it or explain why they thought it was true. This also occurred during the follow-up 
interviews when students were asked about their responses to particular survey questions. 
This might help explain the phenomenon of students selecting responses to a set of survey 
items that were seemingly contradictory: the students knowledge is highly unstable and 
their responses to questions depend greatly on the particular context or features of that 
question, similar to the experience of Mashhadi and Woolnough [Ref. 4] and may be based 
on on-the-spot mental manipulation of primitives identified by diSessa [Ref. 8]. This may 
have serious implications as we try to characterize student conceptions of quantization in 
quantum mechanics. 

As has been mentioned previously, this work surveys students on a wide variety of 
topics related to quantization and the photon. We hope that this work will provide a helpful 



stepping stone towards work on how students learn about specified areas of quantum 
mechanics. One path towards deeper investigation is to gather student responses to 
questions that all relate to one topic and to categorize their responses using a system similar 
to that of Minstrell’ s facets [Ref. 9]. In this way, we can delve more deeply into how 
students think about a particular topic. 



Table II. An example of facet-like items identified from student interviews and surveys. 
We have identified many more such ideas. 



yOO 


Photons are light. 


y01 


Photons are defined in terms of QED creation and annihilation operators’ actions on the 


vacuum. 




y02 


Photons are building blocks of light. 


y03 


Photons are the same as light. 


y04 


Light is made up of photons. 


' y05 


Photons come in all colors. 


y06 


Only if light is visible do photons exist. 


y07 


Light dribbles photons off as they travel. 


y08 


Photons emit light. 


y09 


Photons are little particles traveling inside light waves. 



One topic for which student responses have been quite rich has been the interaction 
of matter and light in the context of photons being emitted/absorbed by atoms as electrons 
move to lower/higher energy levels. We are currently using the organizational scheme 
based on Minstrell’ s facets to help us to organize and characterize student responses. An 
example of such organization is shown in Table II. 

Conclusions 

Our purpose in this study has been to shed light on general preexisting ideas that 
students have about quantization and related phenomena before their college instruction 
about quantum mechanics has begun. In particular, we looked for trends in student 
responses that may indicate certain patterns of thinking and set the context for further 
investigations of more specific ideas related to quantization. 

Previous research had indicated specific student difficulties with several different 
aspects of what constitute quantum phenomena. We found evidence of these already- 
identified problems as well as other, new, ones. One finding,, specifically, is that everyone 
(including experts) who contemplates light quanta depends heavily on a concrete mental 
model. Despite existence of the idea of light as a particle, the photon, and common 
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references to photons in the popular media, most students lack real knowledge of what this 
word means. Many think that a photon contains particles of light. Many fail to recognize 
that photons are massless. About twice as many students believe that a light wave produces 
photons as it travels as do not. 

As mentioned previously, one of the long-term goals of this project is to develop a 
student questionnaire that probes student understanding of quantum physics. We feel that 
the results reported in this paper provide an excellent start towards this goal. We have 
begun to identify many topics that should be included in such an instrument. The thirty- 
seven items that generated the greatest disagreement between students taking the surveys 
are prime candidates for distractors on the final version. We hope that others will contribute 
results from their own investigations to this endeavor 

Note 

This research is supported in part by the National Science Foundation grants DUE- 
9653 145 and DUE-9751719 and by GER-9552460. This article is also scheduled to be 
submitted to the American Journal of Physics. 

Acknowledgments 

Jim Stith was involved in the early stages of this work. We are grateful for the help 
of our colleagues in the OSU Physics Education Research Group. Our undergraduate 
student Phillip Walker also helped. Prof. James Sullivan of OMI, University of Cincinnati 
was very helpful in distributing our surveys to his students. 

References 

1. D.G.C. Jones, “Teaching modem physics — misconceptions of the photon that can 

damage understanding,” Phys. Educ. 26, 93-98 (1991). 

2. H. Fischler and M. Lichtfeldt, “Modern physics and students’ conceptions,” Int. J. Sci. 

Ed. 14 , 181 (1992). 

3. B.S. Ambrose, P.S. Shaffer, R.N. Steinberg, and L.C. McDermott, “An investigation 

of student understanding of single-slit diffraction and double-slit interference,” Am. J. 
Phys. 67 , 146-155 (1999). 

4. A. Mashhadi and B. Woolnough, “Insights into students’ understanding of quantum 

physics: visualizing quantum entities,” Eur. J. Phys. 20 , 511-516 (1999). 

5. R. Kidd, J. Ardini, and A. Anton, “Evolution of the modern photon,” Am. J. Phys. 57 , 

27 (1989). 

6. Complete survey data can be found in PDF format on the internet. 

7. All three versions of the survey reported on here are available on the internet. 




62 



60 



8. A. diSessa, “Toward an epistemology of physics,” Cog. & Instr. 10, 105-225 (1993). 

9. J. Minstrell, "Facets of students’ knowledge and relevant instruction," in R. Duit, F. 

Goldberg, and H. Niedderer, eds., Research in Physics Learning: Theoretical Issues 
and Empirical Studies (IPN: Kiel, Germany, 1992). J. Minstrell, “Building Facet- 
Based Learning Environments,” AAPT Announcer 29(3), 131 (1999). 




63 



61 



Appendix 1: Complete Final Protocol 

Student Concept of the Photon 



Consider this bulb (called a showcase bulb). Imagine that I turn the bulb down like this. What will 
happen if I continued to turn it down, down, down. (Assume the response will be that the light will get 
dim) Suppose it gets still dimmer. How dim can it get? Follow up on this idea as far as possible. 

Look at the showcase bulb through this slide (a diffraction grating). What do you see? How would 
you describe what you see? 

0. Have you every heard the term “photon”? Where did you hear about it? 

If yes, proceed. If no, go to light questionnaire. 

1. When you hear the term “photon” used, what mental image does it bring to mind? 
Describe a photon to me. Tell me what it does. Did the thought experiment we did help you formulate an 
idea of the photon? How? 

After this is done, ask them to draw a photon if they can. 

2. Does the word quantization have any meaning for you? 

3. How would you know that a photon exists? 

(followup questions on this question depend on what interviewee says) 

• Does a photon have mass? 

• Does a photon have a size? 

c. Can you (one) distinguish between photons? 

d. Does a photon have speed? (How fast?) 

e. Can a photon exert a force? 

f. Does a photon have energy? 

g. How is a photon produced? 

4. Explain why you think of a photon as “real” or why not. 

5. If you were to try to explain what a photon is to a 9 year old, what would you say? 
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6. Look at this light (excited mercury vapor). What do you see? Now take the slide 
(diffraction grating) and look through it. What do you see now? How is it the same or different from the 
showcase bulb? 

Why are there several differently colored lines? How could you explain this? What would happen to 
this if we cut the illumination level down, down, down? What could this have to do with the photon? ... 
with quantization? 

7. What’s a shadow and how is it formed? 

After a pause for the answer: How are photons (could photons be) related to shadows? 

8. Please give a short description of how you think photons are related to or used in the 
following items: 

a. fluorescent lamps 

b. CAT scans 

c. (IR) remote controls for TVs, VCRs, stereos, etc. 

d. x-ray machines 

Finish the interview by answering the student’s questions or talking to the students about the 
photon. Use this as an opportunity to educate the student. 
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Appendix 2: Survey Version B 



Give the best answer(s) to the multiple choice questions. 

1 . What are the images that come to mind when you hear the word PHOTON? 

(Circle all that apply.) 

a. a particle 

b. a wave 

c. a packet of energy 

d a small, round, positively charged object 

e. a high-energy bullet 

f. quanta of electromagnetic radiation 

g. an extremely small particle in an atom 

h. beams of light 

i. something very small 

j. a ball of light 

k. a disk about the size of a dime 

l. rod-shaped particles 

nr a ball of some kind that’s always white in color 
n other (please explain): 

2. Which of the following physical characteristics do you MOST FREQUENTLY use to 
describe a photon? Circle all that apply; more than one answer could be correct. 

a. wavelength 

b. frequency 

c. energy 

d. mass 

e. none of the above; photons are too “small” 

If you circled (e), explain what you mean by “small.” 

My confidence: very certain confident not very confident 
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3 . 



Which of the following BEST describes the size of a photon? Circle all that apply; more 
than one answer could be correct. 

a. photons have no size 

b. the size of an atom 

c. the size of a nucleus 

d. the size of an electron 

e. smaller than an atomic nucleus 

f. photons come in a variety of “sizes” 

If you circled (f), explain what you mean by “sizes.” 

My confidence: very certain confident not very confident 

Note: If you answered (a) to question 3, you may skip question 4 and go directly to question 5. 

4. Which of the following has/have to do with the size of a photon? Circle all that apply; 
more than one answer could be correct. 

a. energy 

b. wavelength 

c. mass 

d. frequency 

e. amplitude 

My confidence: very certain confident not very confident 

5. The word “quantization” refers to 

a. the separation of the parts of light into their component frequencies. 

b. the separation in energy levels in atoms. 

c. the fact that photons can have certain energies, but not ANY energy. 

d. the partitioning of photons into parts. 

e. the explanation of energy levels in atoms. 

f. how much energy something has internally. 

Circle all that apply above; more than one answer could be correct. 

My confidence: very certain confident not very confident 
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Use the scale from strongly disagree to strongly agree to respond by circling your answer on those 
questions asking for this rating. Neutral means that you neither agree nor disagree, Don’t understand 
means that you have no idea at all what the question is about. 

strongly disagree disagree neutral agree strongly agree don’t understand 

6. An individual photon can have any single frequency in the spectrum. 

7. A photon is much smaller than an electron. 

8. Microwave ovens give off gamma ray photons. 

9. Some photons can be seen by the eye, but only if there are large numbers of them. 

10. An individual photon contains all the frequencies of the spectrum. 

1 1. Photons are spherically shaped, like protons or neutrons. 

12. A photon is a point. It doesn’t really have a size. 

13. Wiggle a charged particle and it creates photons. 

14. The photon is a part of light and quantization means the separating of these parts. 

15. An individual photon can have only frequencies that are in the visible region of the 

spectrum. 

16. A light wave produces photons as it travels. 

17. A photon is a few nanometers across. 

18. The photon is a part of the nucleus in an atom. 

19. •• ■ A single photon of the right type can be seen by the eye. 

20. An individual photon doesn’t have a frequency, but collections of photons do. 

2 1 . Gamma ray photons that hit the body are hazardous to a person’s health. 

22. Smash two nuclei together so that they join and make a new nucleus. You will produce 

photons because the new nucleus you make will have a different rest mass than the sum of the other two 
rest masses. 

23. If you heat metal so that it glows, it emits photons. 

24. I have no idea of what “quantization” means. 

25. Decent enough photographic film can detect one photon hitting it. 

26. You’ve got to excite atoms to produce photons. 

27. Photons are composed of several spherical parts, like atoms are. 

28. The force between two charged objects is caused by an exchange of photons between 

them. 

29. A photon is white light. 

30. If somebody did an experiment where they were able to knock electrons out of anything 
using light waves, it would show that photons behave as particles. 

3 1 . Photons are not light, but can produce light. 



32. When electrons change their energy levels in an atom, photons are being absorbed or 

emitted. 

33. The photon is not real, it is only a way of thinking about light and energy. 

34. A photon is a particle that carries light. 

35. A photon is about the same size as a proton. 

36. When you see the light coming out of a bulb, there’re millions and millions of little 
photon particles that come out. 

37. There are particles of light inside the photon that move at the speed of light. 

38. When a photon travels through a slit of width less than its amplitude, only part of it gets 
through the slit (it gets “chopped ofr). 

39. Shadows are caused by the absence of photons, because a photon can’t get through the 
object casting the shadow. 

40. Gamma rays that hit the body are hazardous to a person’s health. 

41. A photon is a building block of light. 

42. The reason that the electrons in atoms don’t just fly off into space is because they pass 
photons back and forth with the nucleus. 



43. Photons do funky things. If a single photon goes through a double slit (slits A and B, 
above), that photon actually goes through both slits A and B at the same time. 

44. Microwave photons that hit the body are hazardous to a person’s health. 

45. When a photon travels through a slit of width less than its wavelength, only part of it 
gets through the slit (it gets “chopped off’). 

46. When the electron in a fluorescent light bulb drops from a higher to a lower state, it 
fluoresces as it collides with photons. 
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Introduction 

In recent years, the rapid development of the Internet and multimedia capabilities 
has led to rapid innovations in the fields of science, education, business, and other 
domains. One of the most promising applications of the infobahn lies in education. A 
widely recognized strength of the Internet lies in its vast arsenal of data and documents (Pea 
& Gomez, 1992). 

The potential of computer networks to revolutionize education has been widely 
acclaimed. Unfortunately, much like the earlier technologies of television and film, the 
envisioned promise of computer networks has remained largely unfulfilled (Solis, 1997). 

The World Wide Web provides a colorful window into cyberspace through text, 
images, audio, and video. However, these formats tend to reflect purely 2-dimensional 
presentations of information and offer limited abilities for user involvement. Although the 
user can switch from one Web page to another through hypertext links, he or she remains 
largely a spectator. The experience is not much different from channel surfing on the 
television set. 

All this is about to change. Since the mid-1990s, a promising new technology has 
appeared in the form of virtual reality (VR) on the Internet. The technology allows for the 
simulation of 3-dimensional worlds on a 2-dimensional computer screen. Through a 
simulated control panel known as a dashboard, the user can explore the virtual environment 
in any direction: moving forward, backward, up, down, and sideways or spinning on the 
spot. Moreover, the interaction occurs in real time. For instance, if the user drops a pen, it 
begins to fall immediately toward the ground. (The response time for the simulation will, 
of course, depend on the processing power of the computer system at hand.) 

As explained above, first-generation Web technology provided largely a passive 
experience for the user. For students, the presentation was only marginally better than a 
book or a television set. If the first generation offered a window into cyberspace, then the 
second generation using virtual reality provides a doorway into an electronic universe. 
Although certain sensory models such as olfaction and taste remain unaddressed by the 
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current technology, VR on the Internet provides a more intensive experience than before. 
This technology permits a student to participate actively and thereby bring the subject matter 
more closely into the realm of personal experience as opposed to dry fact. 

In the literature, several studies have reported on training materials to enhance 
spatial visualization abilities in general and spatial visualization in particular. To date, most 
of the programs have focused on the manipulation of physical objects. However, the use of 
tangible objects is subject to drawbacks such as procurement cost, storage space, restricted 
access, and mechanical failure. These limitations underscore the need for materials which 
transcend the constraints of temporal access and physical space. To this end, VR on the 
Internet represents a promising vehicle to enhance the learning environment. 

The next section presents the background behind spatial visualization as well as VR 
on the Web. The material is followed by a case study in the form of an educational program 
to enhance spatial visualization. The concluding section presents some final remarks and 
directions for the future. 



Background 

Spatial Visualization 

Spatial visualization represents a subset of spatial skills. The former has been 
described by McGee (1979) as “the ability to mentally manipulate, rotate, twist, or invert a 
pictorially presented stimulus object.” According to one school of thought, mental 
manipulation is the primary task in spatial visualization (Ben-Chaim et al., 1988; Macoby & 
Jacklin, 1974). 

The importance of spatial visualization springs its relationship to most technical and 
artistic occupations including mathematics, science, art, and engineering. However, spatial 
visualization is not one of the standard components of the school curriculum. Rather, 
spatial reasoning is acquired informally through informal channels. 

Even so, several studies of training programs to improve spatial visualization have 
been reported in the literature, in concert with various theoretical analyses and hypotheses 
regarding spatial visualization ability (Ben-Chaim et al., 1988; Battista, 1990; Battista & 
Clements, 1996; Lean & Clements, 1981). 

To date, a number of studies have concluded that spatial visualization appears to be 
an innate ability not amenable to specific instruction. However, the present study presents 
some countervailing evidence. 

Virtual Reality on the Internet 

All over the globe, increasing volumes of information are being created, captured, 
or converted into digital form. For instance, documents are first drafted on personal 
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computers while hand-drawn figures are encoded through digital scanners, and traditional 
works of art are transformed into electronic images. Further, the rapid interconnection of 
previously isolated computers has led to the accessibility of both public and private 
information through electronic networks. 

To an increasing extent, computer networks permeate everyday life at school, 
home, and office. For this reason, the information highway is an obvious tool for 
delivering educational programs. 

Virtual reality on the Internet is a technology that allows for the fusion of 
multimedia files ranging from text to video. In addition, the technology offers a novel 
capability through its ability to present simulated 3-dimensional worlds. 

VR on the Internet has been implemented through various formats. Perhaps the 
most versatile among these standards lies in the Virtual Reality Modeling Language 
(VRML). The language provides a relatively compact description of 3-D worlds which can 
be rendered or depicted using appropriate software. 

VRML is a complement to the HyperText Markup Language (HTML), which 
specifies how information should be presented in a 2-D format on a computer screen. The 
complementary nature of HTML and VRML is illustrated by a program in which HTML is 
used to specify a window on a computer monitor. For this application, HTML could be 
used to partition the window into several frames, one of which might present a 3-D world 
specified through VRML; another frame might provide explanatory material for the VRML 
world through text and 2-D images specified in HTML. 

A third complementary standard lies in the Java programming language. Java is a 
general-purpose language which can be used to depict objects in HTML or control a VRML 
world. For instance, an applet is a small program written in Java which may be used for, 
say, providing an animation of a dog running across a 2-D scene whose overall structure is 
specified in HTML. In an analogous way, Java can be used to process information or 
specify complex relationships among objects in a 3-D world whose overall organization is 
specified in VRML. 

The technologies of HTML, VRML, and Java provide a versatile vehicle for 
presenting information to students in multiple media formats. HTML can be used to lay out 
the 2-D presentation on the screen, while VRML provides a 3-D multisensory experience, 
and Java is used to control behaviors within and between the following interfaces: the 2-D 
screen, the 3-D world, and complex interactions with the user. 

The present study involves the creation of software using VR to enhance spatial 
visualization skills, followed by an analysis of its efficacy. Differences in the performance 
among the students on a spatial visualization test were investigated, both before and after 



instruction using the software. More specifically, the study was designed to address the 
following questions: 

1. Does Web-based instruction in spatial visualization affect the attendant 
capabilities among students? 

2. Do the effects differ for spatial visualization instruction through virtual 
reality in comparison to simple text and graphics? 

3 . Which sub-factors of spatial visualization are affected the most by the use of 
virtual reality on the Web? 

Method 



Participants and Setting 

The study was conducted in fall 1999 at two girls’ high schools in neighboring 
districts in southern Korea. The schools were the most prestigious in their respective 
districts, and were of equal caliber as measured by scores on a nation-wide entrance exam. 
Each of the two schools featured about 50 PC’s in its computer laboratory, all of them with 
full Internet connectivity. 

All students in the sample were members of tenth-grade computer classes taught by 
mathematics teachers. The two teachers, both male, had recently become digital enthusiasts 
and wished to introduce their students to the potential of the Internet. 

Ideally, each class in each school should be partitioned into treatment and control 
groups. However, given the public accessibility of the Website, there would be no way to 
restrict access to a program designed for one group from curious members in the alternate 
group. 

For this reason, the partitioning was effected by schools. In other words, the class 
in one school, comprising 36 students, constituted the treatment group. Meanwhile, the 3 1 
students in the other school comprised the control group. Spatial visualization software 
using VR was employed for the experimental group, while software composed only of text 
and 2-D graphics was used for the control group. 

The network environment for the study is depicted in Figure 1. All the materials 
used in the study were made available on the WebMath site. The students were taught to 
download and use the software from this resource. 
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Figure 1. Network configuration for the experiment. 



Procedure and Data Collection 

Prior to the experiments, a one-day orientation in each school for the teacher 
involved was conducted. All the materials, including a detailed teacher guide, were 
provided to each instructor. Moreover, the author was available to the teachers for 
consultation throughout the study. 

Before embarking on the instruction, all the students were administered the Middle 
Grade Mathematics Project (MGMP) Spatial Visualization Test to obtain a baseline and 
background information on their skills. The Test was developed by the (MGMP) funded 
by the National Science Foundation (Ben-Chaim et al., 1988). The permission to use 
MSMP Test was given by Lappan at Michigan State University. Thirty-two multiple-choice 
items, each with five options, comprise the test. The test is an untimed test with 10 
different types of items. The types of representations used are as follows: two-dimensional 
flat views, three-dimensional corner views, and a “map plan,” which depicts the base of a 
building using numbers within squares to indicate the number of cubes to be placed on each 
spot. The test includes tasks such as finding either flat or comer views of “buildings,” 
adding and removing cubes, combining two solids, or applying the notion of a “map plan”. 

All the tests were conducted by the classroom teacher. However, the students 
individually studied the material at home or in the computer laboratory at school. 

After the pretest was given, all the students studied the software on the Web. The 
material required an average of about 2 hours of study, spaced over a period of 
approximately 2 weeks in December, 1999. Then the posttest was administered 
immediately after the end of this period. 




72 



74 




Case Study 



A vital aspect of effective learning is the engagement of the student as an active 
participant. The use of virtual reality as a vehicle for education offers the following 
advantages. 

Student interest. VR offers a lively medium with a richer sensory texture than 2-D 
platforms such as books or television. The medium naturally attracts the student’s attention. 
A motivated student is more likely to absorb and retain the material presented. In addition to 
the inherent attractiveness of VR, our case study elicits interest by presenting the target 
materia] in the form of a game. 

Multiple media. An amalgam of visual media helps to capture the student’s attention 
and to develop a mental model of the material at hand. The technology of VR offers 
multiple visual formats such as imagery, animation, and video. Moreover, VR provides an 
integrated platform for sound and text as well as visual modes. These sensory models can 
be combined in synergistic fashion to convey concepts in a compelling way. 

Learning by doing. Many courses in the curriculum involve laboratory exercises in 
order to provide an immersive experience for the student. However, experimental facilities 
can be expensive to maintain, cumbersome to handle, time-consuming to run, and 
sometimes hazardous for the users. All these limitations can be reduced or even eliminated 
through computer simulations, while at the same time providing a realistic experience. 
These same factors have been prompting organizations around the world to rely on 
computer simulations to an increasing extent, ranging from business games to military 
training. 

Our case study involved the development of an educational software to enhance 
spatial visualization ability. The software itself was implemented in VRML code. A 
snapshot of the primary module in VRML is shown in the left pane of the screenshot in 
Figure 2. By using the mouse, a student could rotate the virtual building along any axis, or 
“move around” to see any side of the building at will. 

As shown in the figure, the VRML module was displayed in one of two key frames 
in the window. The overall format of the window was specified through HTML. 

The task for the user was to solve a series of problems in spatial visualization. Each 
successful solution to a problem carries the user to the next problem. 

The VR capability, including the virtual building, was used for instruction amongst 
the treatment group. On the other hand, the software for the control group was devoid of 
the virtual building, as illustrated in Figure 3. 
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Figure 2. Spatial visualization software using virtual reality. 




Figure 3. Spatial visualization software without virtual reality. 



Data Analysis and Results 

The treatment and control groups were analyzed separately; the unit of analysis for 
the study was an individual student. The statistical procedures used to analyze the data were 
univariate analyses of variance and paired comparisons on the pretest and on the gain 
scores. 

An analysis of the pretest data was first conducted in order to determine whether the 
group difference in spatial visualization was statistically significant. A summary of the 
analysis of variance on the pretest scores for the treatment and control groups is reported in 
Table 1. As anticipated, the intergroup difference was not statistically significant at the .05 
level. The result indicated that the two groups were relatively homogeneous in their spatial 
visualization skills prior to instruction. 
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